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Abstract

Biomechanical Simulations of Human Pregnancy: Patient-Specific Finite Element Modeling

Andrea Westervelt

Preterm birth (PTB) is the leading cause of childhood death and effects 10% of babies
worldwide. First-time diagnosis is difficult, and as many as 95% of all PTBs are intractable to
current therapies. The processes of both preterm labor and normal parturition are poorly
understood, in part because pregnancy is a protected environment where experimentation
contains the risk of causing harm to the gestation and fetus. This proposes the need for non-
invasive investigations to understand both normal and high-risk pregnancies. Furthermore, each
pregnancy can vary significantly which adds the complex need for patient-specific
investigations.

To address this need, we propose the development of parameterized ultrasound-based finite
element analyses to study the mechanics of the womb. As a first step, this dissertation work
conducts sensitivity analyses on cervical, uterine, and fetal membrane parameters as well as
model boundary conditions to determine which factors have the greatest impact on cervical
tissue stretch. The effects of the range of patient geometries and material properties are reported.
Findings show that a soft and short cervix result in greatest stretch at the internal os, and fetal
membrane detachment increases cervical stretch.

Additionally, patient-specific finite element analyses are performed on low- and high-risk
cohorts and results between the two are compared. Patient geometries are documented at various
gestational timepoints, and the effect of a cervical pessary is determined based on changes in
cervical geometry and stiffness. Findings showed that a soft cervix correlates with sooner

delivery, and that high pessary placement is ideal to decrease stretch at the internal os.
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1 Introduction

1.1 The Pregnant Environment

Pregnancy and labor are interactions between the fetus and the passageway through which
delivery occurs. To ensure healthy pregnancies, it is imperative that we understand the anatomy
and mechanics of the pregnant environment. Despite recent efforts and extensive research,
knowledge of pregnancy progression and parturition remains limited. There are many
components which make up the female reproductive system; for the purpose of the following
studies, we will focus on the cervix, uterus, fetal membranes, and intrauterine forces exhibited

throughout gestation.

1.1.1 Uterus

The nonpregnant uterus is a pear-shaped organ and lies in the pelvic cavity between the
bladder anteriorly and the rectum posteriorly[1]. It is responsible for various functions such as
gestation, menstruation, and labor and delivery. The uterus consists of two parts: the upper,
larger body or “corpus”, and the lower cervix (Figure 1-1). The union between the corpus and
cervix is the isthmus, and the top of the uterus is called the fundus. In its nonpregnant state, the

fundus is a flattened convexity between the fallopian tubes.
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Figure 1-1: Female pelvic anatomy. This figure shows the upper uterine body and the cervix, as well as the proximity of the
uterus to the bladder and rectum[2].

The nonpregnant uterus can be 6-8cm in length in nulligravid women and up to 10cm in
multiparas[3,4]. The uterus averages 60 g in weight and weighs slightly more in parous
women[5].

The majority of the uterine corpus is muscle. In nonpregnant women, the inner surfaces of
the anterior and posterior walls lie almost in contact, and the uterine cavity is a small slit between
the two. The uterine wall consists of three layers:

1) the outer perimetrium, a thin serous layer composed of epithelial cells,

2) the middle myometrium, primarily composed of smooth muscle cells and making up the

bulk of the uterine wall, and



3) the innermost endometrium, which consists of the functional (superficial) and basal
layers[6,7].

The myometrial fibers and orientation vary by location[1,8]. The anterior and posterior walls
have greater muscle contact than the lateral walls. The inner endometrium varies greatly
throughout the menstrual cycle. During pregnancy, the endometrium is called the decidua and
undergoes dramatic hormonally driven alterations.

Throughout gestation, the uterus undergoes rapid growth and remodeling to accommodate
the growing fetus (Figure 1-2). Its capacity can increase from 5 mL at its nonpregnant state to 4-

5 L at term[9]. This substantial tissue growth is due to muscle fiber hypertrophy.
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Figure 1-2: Uterine growth from 20 to 36 weeks gestation taken from x-ray data[10]

The original pear shape of the uterus remains during the first few weeks of pregnancy, but the

organ becomes gradually softer. During the third month of pregnancy, the isthmus elongates to



as much as three times its originally length[11]. It then unfolds to become the lower uterine
segment. Both the corpus and the fundus open into a dome shape, and the uterus becomes
spherical by week twelve[12]. It then maintains this spherical shape until around week 20, when
it then elongates into an ellipsoid and continues to do so until week 32[10]. The timeline for if
and when uterine hypotrophy stops and the myometrial wall thins has seen much debate[10,12—
14]. Most agree that uterine growth curtails in the second half of gestation, as the myometrium
thins after the first trimester, primarily in the lower uterine segment (LUS).

Immediately after delivery of the fetus and placenta, myometrial wall thickening occurs[15].
Shortly after, the fundus typically descends to the level of the umbilicus. Involution then occurs
over the following weeks; the uterus returns to the pelvis by two weeks postpartum, and
involution is complete by the fourth week. Sonographically, the uterus and endometrium return
close to pregravid size by 8 weeks postpartum[16,17]. Yet, the uterus usually remains slightly

larger than before the most recent pregnancy after each successive delivery.
1.1.2 Cervix

Although it is anatomically part of the uterus, the cervix is often viewed as a separate,
complex organ. It is the lower, cylindrical portion of the uterus which holds the fetus inside the
womb throughout gestation, and then dilates during labor to allow for the passage of the fetus
through the vaginal canal. The cervix has two apertures at each end — the internal and external
os — and an endocervical canal which runs through the cervix connecting the two. Unlike the
uterine corpus, the cervix is comprised of 60% muscle near the internal os, and gradually
declines to only 10% smooth muscle at the external 0s[1,18]. The remaining cervical tissue is

made up of fibrous connective tissue, extracellular matrix (collagen, elastin, and proteoglycans),



fibroblasts, and blood vessels[19]. Collagen comprises almost 80% of the cervix, with Types I
and 111 as the major cervical collagen components[11,20].

The mechanical behavior of the cervix throughout gestation has a critical influence on the
outcome of the pregnancy. The cervix has two functions: throughout the pregnancy, it must stay
closed to protect the developing fetus; then at labor, ideally at full term, it must undergo

effacement and dilation to allow for the fetal descent through the birth canal (Figure 1-3)[12,21].

not e_Ha_:ed fully effaced Scm dilation fully dilated
no dilation 1cm dilated at 10cm

Figure 1-3: Progression of the cervix from closed (left) to effacement and dilation[22].

Because the cervix is the final passageway the fetus must pass through in delivery, cervical
dimensions are among the most scrutinized aspects of pregnancy. Various risk-scoring methods
based on cervical diameter, dilation, length, position, and consistency have been developed from
consistently found a statistical correlation, though with low prognostic success[23]. Short
cervical length has long been associated with preterm birth and the time since conception at
which the measurement is taken impacts its predictive nature[24-26]. In healthy pregnancies,
the median cervical length in the second trimester is 41mm[27]. There has been much clinical
debate as to what length and at what gestation is considered a “short cervix”, but most clinicians
agree a cervix shorter than 25mm at 18-22 weeks gestation puts a patient at risk for preterm

delivery[26,28-31].



As soon as one month into the pregnancy, the cervix will soften and become bluish in tone,
due to increased vascularity and edema, changes in the collagen network, and hypertrophy and
hyperplasia of the cervical glands[32]. Collagen rearrangement is crucial for fetal retention until
term, in dilation and delivery, and in postpartum repair[33]. After delivery, the cervical opening
contracts slowly. By the end of the first week, the opening will narrow, the cervix will thicken,
and the endocervical canal will reform. However, the external os does not completely resume its
pregravid appearance; instead, it remains wider, softer, and contains permanent depressions at

the site of cervical lacerations[1].
1.1.3 Fetal membranes

The fetal membranes (FM) contain two layers: the outer layer is the cellular chorion, whereas
the inner layer facing the amniotic fluid is the load-bearing amnion, comprised of a dense layer
of collagen fibrils[34,35]. The amnion is stiffer, stronger, and thinner than the chorion [36].

Fetal fibronectin (fFN) is a glycoprotein that is found in the extracellular substance of the
decidua next to the intervillous space[37,38]. Its exact clinical function is poorly understood, but

it seems to be a glue-like substance adhering the chorion to the uterine decidua (Figure 1-4)[39].



Figure 1-4: Fetal fibronectin interface in the choriodecidual region[40].

It is normally present in low concentrations in the vagina between 18 and 34 weeks of gestation,
and its presence has been a useful marker of a pathologic disruption of the maternal-fetal
interface. Studies have also been conducted on the chorion-amnion interface, and findings show
that the interface is usually hydrophobic and therefore essentially frictionless, but it is
significantly less hydrophobic in the instance of preterm premature membrane rupture[41,42].
Fetal membrane mechanical properties are often related to the collagen type and distribution
in the tissue. Amnion contains collagen type | and Il fibrils, in addition to filamentous collagen
type V and VI, and type 1V in the amniotic layer between the epithelium and the mesoderm
[43,44]. Amnion electron microscopy shows collagen fibrils 50nm in diameter in loose bunches,
randomly interwoven without preferential directionality [45]. Chorion contains fibrillar and
collagen type IV [46]. Measured total collagen content of the fetal membranes ranges from 4-

20% of dry weight [47,48]. Elastin also contributes to membrane mechanics but is poorly



understood in fetal membranes. Studies report 0.08% dry weight or ranges of 2-36% wet weight
of amnion [48-50].

In early pregnancy, the chorion will grow and expand until the chorionic villi come in contact
with the decidua basalis, and they proliferate to form the leafy chorion. Until the end of the third
month, the chorion is separated from the amnion by the exocoelomic cavity. The amnion and
chorion usually fuse between 14-16 weeks gestation to form the avascular amniochorion[51].
The membranes surround the amniotic sac, which contains the amniotic fluid and the fetus.

They play an important role in fetal-maternal communication[1]. The FM protect the fetus and
help support its load throughout gestation. Rupture of the FM at term is a natural event that

often signifies the onset of labor.
1.1.4 Intrauterine forces

Throughout gestation, the uterus is exposed to constant intrauterine pressure (IUP) from the
weight of the fetus, the placenta, and the fluid pressure of the amniotic fluid. Between 8 and 34
weeks of pregnancy, amniotic pressure has been recorded between 1.1 and 13.1 mmHg via
transamniotic invasive procedures[52]. In most cases, the average amniotic pressure is between
4 and 8 mmHg. These pressures can be higher in women with excessive amounts of amniotic
fluid (i.e. polyhydramnios), or lower in those with low amniotic fluid (i.e. oligohydramnios).

In addition to amniotic pressure, the uterus also contracts throughout pregnancy, causing
more forces to occur. Even in early gestation, there are low-amplitude high-frequency uterine
contractions (i.e. Alvarez waves) with intensity less than 5 mmHg and frequency every 1 to 2
minutes[53]. These Alvarez waves are too small to be detected by the pregnant women
themselves. Also, throughout gestation, though mainly appearing in the third trimester, the

uterus undergoes Braxton-Hicks contractions. Braxton-Hicks contractions are low-frequency,
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irregular, and have a higher intensity of 10-15 mmHg[54]. Finally, at the onset of labor, the
frequency and intensity of contractions increase and become more regular. During early labor,
uterine contractions typically have a peak intensity between 25 and 30 mmHg, while 60 to 65
mmHg is ultimately reached in the second stage[12]. The sum of the intensity of all the
contractions necessary for complete cervical dilation varies from 4000 to 8000 mmHg[55].
Therefore, approximately 80 to 160 uterine contractions are required to expel the fetus.

The fetus can also apply loads to the uterus through various movements. The first fetal
movements of the head and neck occur at 10 weeks, and whole-body movements start at 15
weeks. The maternal sensation of fetal movements often occurs around 16-18 weeks. Peak fetal
movement frequency occurs during the second trimester and decreases toward full term; this is
likely due to the lack of extra room in the womb as the fetus grows. The largest fetal kick
reaction force measured via cine-MRI is 46.64 N at 30 weeks gestation[56]. Taking into account
the size of a fetal foot, the pressure applied by a kick can be up to ten times that of a uterine

contraction in labor[57].
1.2 Clinical motivation: preterm birth

Preterm birth (PTB) is defined as a live birth that occurs before 37 weeks gestation[58]. Itis
the leading cause of death in children under the age of five, reaching 1.1 million annually[59].
Each year there are an estimated 500,000 cases of preterm birth in the US[58]. As many as 95%
of cases are intractable to current therapies[60], suggesting the need for continued investigations
and medical discoveries. The average cost of a preterm newborn’s first year of life is over ten

times that of a normal term baby’s ($49,000 vs. $4,500)[61]. Furthermore, PTB often leads to



lifelong health complications such as cerebral palsy, asthma, and numerous learning disabilities,
and has an estimated societal cost of $26 billion in the United States each year[59].

Throughout gestation, the fetus is supported and protected by biologically active soft tissue
structures. These structures send mechanical signals which can trigger tissue remodeling and
contractility through mechano-sensitive cells (e.g. mechanotransduction). The mechanical
integrity of the uterus, cervix, and fetal membranes are critical for a successful pregnancy, where
the loss of structural integrity of these tissues is believed to contribute to spontaneous PTB. For
example, in the case of cervical insufficiency (Cl), the cervix dilates and shortens painlessly in
the absence of uterine contractions[62]. Cl is hypothesized to be caused by premature cervical
remodeling and softening of the tissue. Preterm labor is believed to be caused, in part, by uterine
overdistention, as evidenced by the higher rate of preterm labor for multiple gestations or
excessive amniotic fluid[63,64]. A recent study investigated uterine overdistention in nonhuman
primates by inflating intraamniotic balloons. Results showed uterine overdistention caused
preterm labor triggering a cascade of cytokines and prostaglandins associated with
inflammation[65]. Premature preterm rupture of membranes (PPROM) occurs due to damage of
the collagen in the chorioamnion, causing a mechanical tear in the membrane. Clinical studies
show excessive collagen degradation in chorioamnion and amniotic fluid samples that have
experienced PPROM[66]. The hypothesized causes of PPROM include an insufficient cervix,
hydramnios, trauma, and amniotic fluid infection[67].

Characterizing reproductive tissues in real time and accessing organs to measure anatomical
and tissue properties throughout gestation is challenging. Hence, a driving engineering
motivation is to use biomechanical models of pregnancy to understand the mechanical functions

and dysfunctions of the tissues during pregnancy. Here we introduce and discuss engineering
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analysis tools to evaluate and predict the mechanical loads on the uterus, cervix, and fetal
membranes. Medical imaging such as magnetic resonance imaging (MRI) and ultrasound are
minimally invasive, yet provide thorough anatomies of a patient’s anatomy. These anatomies
can be implemented in biomechanical models to simulate gestational scenarios without providing
any harm to pregnant patients. Here we will explore the potential of using computational
biomechanics and finite element analysis to study the causes of preterm birth and to develop a
diagnostic tool that can predict a gestational outcome.

A crucial challenge to lowering the rate of sSPTB and its subsequent costs is to identify
women who are at the highest risk, to identify these women early in their pregnancy, and to
develop etiology- and patient-specific interventions. Equally important to reducing costs related
to sPTB, is the ability to identify women at the lowest risk to avoid unnecessary and costly
interventions. Without knowing the underlying mechanisms that result in SPTB, empirically
introducing treatments can be ineffective, potentially detrimental, and costly[68,69].
Additionally, conducting a clinical trial to determine what single factor or group of factors cause
mechanical dysfunction in pregnancy is extremely timely and expensive.

Biomechanical models of pregnancy can specifically address these clinical needs by
providing a simulation framework to identify the structural factors that cause mechanical
dysfunction and aid in minimally-invasive clinical diagnosis of preterm birth. Clinicians can use
ultrasound to obtain anatomical dimensional data to inform patient-specific FEA. Computational
results of tissue stress and stretch can then be reported within hours or even minutes.
Furthermore, these models can guide mechanically-based patient-specific therapeutic
interventions to prevent PTB. When implemented in clinical practice, biomechanical models of

pregnancy can implement “what if” scenarios that clinicians cannot test in vivo. For example,
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we can build a patient-specific model and insert a cerclage or cervical pessary to predict how
certain interventions will change tissue mechanics and deformation. These simulations can

predict treatment safety and efficacy with significantly lower costs and possible harm to patients.
1.3 Biomechanical models

A biomechanical model quantitatively represents the geometry and mechanical properties for
a single tissue, organ, or a system of load-bearing tissues and organs. The model aims to solve
for the amount of tissue stress and stretch as the result of external mechanical loading.
Mechanical models depend on strict definitions of force, deformation, stress, strain, and stretch.
We briefly explain them here. The term stress represents the amount of force carried within the
tissue normalized by its geometry. It is a three-dimensional term, where the amount of stress will

vary depending on the direction. Simply put, stress (o) is defined as a force (F) per unit area (4),

o =L, with units of pressure N/m? or Pa in metric and Ib/in? or psi in the English unit system.

Ta
Due to its direction-dependence, there are multiple types of stress: normal stress occurs when the
force vector is perpendicular to the surface, and shear stress occurs when the force vector is
parallel to the surface. If the force vector is somewhere in between perpendicular and parallel to
the surface, both stress components are present. Strain (¢) is a measure of the deformation of the

tissue due to stress, and it is also normalized by geometry. Because stress is direction-dependent,

strain is also direction-dependent. Simply put, it can be expressed as the change in tissue length

(Al) over the original length (1), € = %. Strain is often reported as a percentage. Stretch is
0

similar to strain and is typically used for materials that undergo large deformations, such as soft

biological tissues. Stretch (1) is the ratio between the current length at a given applied force (1)
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and the original length (,) of the material, 1 = li It is reported as a unitless ratio and not a
0

percentage.

In addition to accurately describing the shape and size, a biomechanical model also requires
the mechanical properties of the tissues in the system. Tissue mechanical properties are the
quantitative values that relate the amount of tissue stress o with the amount of strain ¢ (or stretch
A). This mathematical relationship is called a material model, and the equation parameters are the
material properties of the tissue. Material properties are found by isolating the tissue and
conducting a series of mechanical tests. The most basic, and often most informative, mechanical
test is a uniaxial tensile test. In this test, a uniform piece of tissue is gripped within a material
tester by each of its ends. The material tester displaces the grips by prescribed displacement
values Al, and the force F is measured as the tissue is pulled in tension. The material tester
records force F as a function of grip displacement Al, and stress o and strain ¢ are then derived
from these values and are normalized by the cross-sectional area A of the tissue.

The shape and magnitude of the experimental stress o versus strain & curve for a given
material is the material behavior of the tissue. The mathematical equation describing the material
behavior is the material model, where model parameters are tissue material properties (or tissue
mechanical properties). Material properties must be strictly defined within each modeling
context because the terms such as stiffness and strength have specific meanings in the field of
mechanics. The simplest of material behavior is linear elastic, where there is a linear relationship
between stress o versus strain €. This type of material is described by two material parameters:
The Young’s modulus E and the Poisson’s ratio v. The Young’s modulus E of a material is often

referred to as the stiffness of a material and is the slope of the stress ¢ versus strain € curve.
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Material compliance is the inverse of material stiffness - often thought of as the material’s

flexibility. A material that deforms easily is said to be compliant, while a material that resists
deformation is said to be stiff. Also identifiable on a stress-strain curve is the strength of a
material. Yield strength is the point at which the stress-strain curve begins to deviate from a
straight line, and represents the lowest stress that produces permanent deformation of a material.

Poisson’s ratio of a material (v) is the ratio of lateral strain to axial strain when a material is in

tension: v = — 22, In other words, it is the amount of transverse extension divided by the

Exx

amount of axial compression. For example, when you stretch a rubber band, the band will
become longer, but the width of the band will become narrower. Materials that are truly
incompressible have a Poisson’s ratio v of 0.5, since the sum of all their strains results in zero
volume change.

Soft biological tissues have a complex material behavior because the material is made of an
intricate network of long-chain proteins, cells, soft groundmatrix, and interstitial water[70].
Therefore, it is often not sufficient to use a linear material model because the shape of the stress
o - strain ¢ curve of a soft tissue is governed by the non-linear, time-dependent, and direction-
dependent material behavior of the individual biological components. For example, hydrated
collagenous tissues have a soft compliant region when they are first stretched (referred to as the
small-strain regime). Then as deformation continues, collagen fibers are recruited and begin to
contribute to the tensile stiffness as they become straightened. The resulting stress o - strain ¢
curve is non-linear and resembles a J-curve[71]. Additionally, collagen fibers of organs often
have a preferred-directionality and architecture depending on the direction of load they carry in

the body. Therefore, the tissue will exhibit different stiffness properties in different directions.
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This type of material is called anisotropic. Lastly, a time-dependent tissue will experience
different levels of stress depending on the rate of mechanical loading or will continuously
deform under a constant level of load in a behavior called creep. These examples provide an
insight into the complexity of the mechanical behavior of soft biological tissues, and the material
characterization of soft biological tissues represents an active field of study, with research groups
aiming to develop micro-structurally-derived material models that accurately describe tissue
material behavior. The most advanced material models aim to describe tissue material property

evolution with age, disease, growth, and remodeling.
1.3.1 Solid models of pregnancy

Computer-aided design (CAD) is the use of software tools by engineers to design a countless
number of products, such as buildings, bridges, robots, heavy machinery, etc. Solid CAD models
are built from numerically-defined primitives (cubes, cylinders, spheres, etc.), sweeps
(extrusions, revolutions, etc.), and the Boolean operations of such objects[72]. 3D parametric
modeling uses geometries that are easy to modify. For the case of the pregnant anatomy, both
magnetic resonance imaging (MRI) and ultrasound have been used to build organ and tissue

solid models (Figure 1-5)[73-75].
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MRI-derived Parametric

Figure 1-5: MRI-derived (left) and ultrasound-derived parametric (right) CAD models of pregnancy.

Solid models aid the visualization of the 3D anatomy and can be converted into numerical
models suitable for biomechanical modeling[73]. Converting medical images to numerical
models can be time-consuming and tedious[76,77]. To mediate this issue, it is sometimes
beneficial to create simplified geometries which can capture the most sensitive aspects of the
physiological anatomy[75]. Both more detailed and simplified models have their advantages.
Complex geometries most accurately portray anatomical scenarios, consisting of layers of
different tissues and boundary conditions like ligaments and fascia[76,78]. Simplified models
have the potential to reduce pre-processing and computational time, while still capturing the
most sensitive parameters of the desired physiology. Attempts are often made to determine
exactly how much complexity a biomechanical simulation requires. Sensitivity studies
determine the most crucial properties to accurately describe in a model. Model verification and

validation are imperative to build credibility for models of intricate biological systems[79].
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1.3.2 Material models in pregnancy

Compared to musculoskeletal and cardiovascular tissues, the mechanical properties of the
female reproductive system are understudied and are often limited to animal models. A recent
review article details the available mechanical testing data and corresponding material properties
for uterus, cervix, vaginal wall, and pelvic ligaments[80]. As discussed above, the material
properties of soft collagenous tissues are non-linear, time-dependent, and direction-dependent.
Additionally, the female reproductive system undergoes dramatic material property changes
during pregnancy. The growth and remodeling of the reproductive tissue depend on the
mechanical environment of the tissues in addition to their genetic makeup[81]. Histological and
biochemical studies demonstrate evidence of both cervical growth and remodeling in pregnancy.
Studies of human tissues show that compared to nonpregnant cervical tissue, pregnant tissue
experiences a significant decrease in collagen alignment and organization[82].

A logical starting point for a large-scale FEA model is to model the tissues as linear elastic
materials, using material stiffness properties measured within a reasonable physiologic range of
stretches. For unknown gestation-timed material parameters, an estimation can be made by
comparing the relative change between material properties measured in the nonpregnant state
compared to tissue samples collected at term or rates of remodeling can be extrapolated from
available mouse models of normal and abnormal pregnancy. Linear elastic models are
convenient and useful to use in an FEA when attempting to isolate the contribution of anatomical
shape changes in pregnancy.

A logical progression for improving the material models of the FEA is to explore the
consequence of material nonlinearity and tissue anisotropy. Tissue nonlinearity can be captured

by using phenomenological mathematical expressions, such as a polynomial with more than one
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variable, fit to experimental data. These types of nonlinear models account for the fact that
hydrated biologic tissues tend to be more compliant when they are first stretched. Researchers in
biomechanics are moving towards more descriptive models that account for the tissue’s
biological composition. For example, the cervix can be treated as a fiber composite material with
a preferentially-aligned collagen fiber network embedded in a soft compressible ground
substance made of glycosaminoglycans[33]. Modeling the cervix in this manner accounts for the
fact that the collagen fibers cannot give compressive resistance and can only hold a tensile force.
Therefore, the resulting overall tissue behavior is very soft in compression and very strong in
tension. An FEA model explored the difference between modeling the cervix as a linear elastic
material and a fiber composite material[74]. The linear elastic model fit to compression
mechanical data drastically underestimates the effective stiffness of the tissue because it neglects
the tensile contribution of the fibers. Therefore, the FEA results show an overestimation of tissue
stretching at the internal os. Including the three-dimensional (3D) dispersion of the cervical
collagen network aids in supporting the loads in directions that are not aligned with the preferred
fiber direction. The fibers of the 3D network are able to align and rotate in the directions of
tissue stretch hence giving the cervix overall mechanical integrity. Active research is continuing

to update material models to include time-dependent and growth and remodeling properties.
1.3.3 Finite element analysis in pregnancy

For simpler organs that carry a load in a single direction, the biomechanical model to
determine tissue stress and stretch can be analytically solved with the standard force balance
equations. For a complex system of organs, solving for physiologic tissue stress and stretch
requires numerical simplification techniques to solve for the force balance equations. This type

of biomechanical model is commonly referred to as a structural finite element analysis (FEA), a
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numerical technique that discretizes a complex domain to solve the equations of static
equilibrium (Figure 1-6). FEA has been used in numerous biomechanical fields such as
cardiovascular, orthopedics, ocular, brain, and many more[83-88]. FEA was first brought into
the field of biomechanics in 1972 to evaluate stresses in human bones.

Finite element analysis requires the input of various parameters to obtain accurate results
(Figure 1-6). The finite element method consists of five steps. Pre-processing involves importing
a solid model CAD geometry and creating a mesh to approximate the geometry. In the case of
biomechanical models, these geometries are often obtained with medical imaging techniques. A
mesh is created by separating the input geometry into multiple smaller geometries, called
elements. Meshing is a crucial step of finite element analysis as the quality of the mesh reflects
directly on the results generated. Next, element formation occurs when governing equations are
developed for each element. These equations take into account user definitions of material
properties, boundary and loading conditions, and model constraints. The equations either solve
for tissue displacement given a prescribed stress, or they solve for tissue stress given a prescribed
displacement. The material characteristics are determined from experimental mechanical testing
of tissues under loading conditions similar to those experienced physiologically. Boundary
conditions are sometimes made through assumptions, like organ surrounding ligamenture. After
they are formed, these equations for the individual elements are solved. During final post-
processing, output parameters are determined and result visualizations are created.

Since many input parameters in biomechanical models are still based on assumptions,
developing new technologies for accurate data collection is still needed. In cardiovascular
biomechanics, many technologies exist to characterize the heart’s electromechanics:

electrophysiology measurements, stem-cell derived cell and tissue models, and rapidly
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improving imaging technologies for in vivo and clinical evaluations[89-91]. The field of
cardiology has recently turned to patient-specific modeling approaches, obtaining individual
geometries and structures of the heart from clinical images. Image modalities in cardiac
mechanics include MRI, CT, positron emission tomography (PET) and ultrasound at the organ
level, micro-CT, intravascular ultrasound (IVVUS) and optical coherence tomography (OCT) at
the tissue level, confocal, multi-photon microscopy, coherent anti-stokes Raman scattering
(CARS) and electron tomography at the cellular level, and x-ray crystallography at the molecular
level[83]. Combining these with tissue-specific cellular models, electrophysiological, and
mechanical information allows for dynamic patient-specific models[83]. These models can be
used in clinical scenarios to aid medical professionals in diagnosis and treatment decisions. If
engineers and clinicians can come to a point where models accurately portray clinical scenarios,
these models can act as non-invasive diagnostics which will allow for disease monitoring. But
first, it is necessary to determine the most crucial model parameters and to validate all material
and mechanical assumptions.

Pregnancy is a protected environment and difficult to study in vivo. Biomechanical models of
the growing and stretching uterus, cervix, and fetal membranes give the ability to assess and
pinpoint biophysical factors causing tissue over-loading. These models can be used in discovery-
and hypothesis-driven studies. For scientific exploration, models can assess the sensitivity of
tissue loading to anatomical and tissue material properties. In a clinical setting, forward-
predicting models can evaluate the risk of SPTB using mechanical threshold biomarkers assessed
early in the pregnancy. Currently, biomechanical models of pregnancy are limited by the lack of

time course data of the pregnant abdomen during gestation. Yet, it is possible to obtain
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pregnancy data from non-invasive medical imaging to create solid models of the pregnant
abdomen.
1.3.3.1 Meshing, boundary conditions, and loading

FEA works by partitioning the object into a finite number of elements, in a process called
meshing, and then the analysis predicts full model behavior by summing the behavior of each
individual element[72]. Finite elements come in various dimensional shapes. For purposes of
biomechanical modeling, we will only discuss 3D shapes in this section. 3D solid elements can
either be hexahedral (bricks) or tetrahedral (triangles), and they are connected at individual
nodes. Hexahedral elements are more accurate than tetrahedral, but will often not work on
complex geometries. In FEA of pregnancy, tetrahedral elements are often used to maximize

meshing accuracy while preserving geometries (Figure 1-6).
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Figure 1-6: Formulation process for ultrasound-based finite element analysis of pregnancy. Models are informed with
ultrasound dimensional data, experimental tissue mechanical properties, loading, and boundary conditions. Mesh generation is
automated in the linear solver for mechanical evaluation of output parameters.
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Finite element mesh quality is essential to model mathematical accuracy[72]. Ideal elements
have uniform shapes like equilateral triangles and have smooth transitions in mesh density.
Density refers to the size and number of elements. A higher density is often required near areas
of geometric curvature or high strains. Increased mesh density has more, smaller elements, and
is typically more mathematically accurate. However, it is also more computationally demanding;
increasing mesh density can increase model solving time by hours, days, or even weeks in highly
complex models. Mesh convergence tests are often performed to optimize mesh density. This is
the process of refining a mesh until results converge to asymptotic behavior.

Boundary conditions are constraints placed on the model which remove spatial degrees of
freedom. These may be fixed, cylindrical, pinned, and frictionless. In parametric finite element
models of pregnancy, we fix only the outer abdomen of the model in all degrees of freedom. The
fetal membranes are tied to the inner uterine wall to mimic membrane adhesion, and they are
allowed to slide along the internal os of the cervix[92].

To predict model deformations, loads must be prescribed to the system. These can include
forces, moments, pressures, temperatures, and accelerations. In pregnancy FEA, the intrauterine
pressure (IUP) is usually the load applied to the inner amnion. It is necessary to define the load
magnitude and orientation. One limitation to FEA in pregnancy is that in vivo geometries taken
by medical images represent loaded model configurations. It is impossible to obtain unloaded
reference configurations of the uterus and cervix throughout gestation. Experiments have been
performed to try and estimate unloaded configurations of the fetal membranes[93], which is an

important step in determining model input geometries.
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1.3.3.2 Previous finite element analyses in pregnancy

Finite element (FE) modeling of the pregnant anatomy has been used previously to
investigate cervical tissue stretch. The cervix is the final passageway to allow for delivery of the
fetus during labor. Therefore, we hypothesize that the tissue stretch at the internal os is the most
important output parameter. Since in vivo experiments are impossible to perform guaranteeing
the safety of the fetus, finite element modeling in pregnancy is imperative to simulate clinical
scenarios without harming humans or animals[78]. Previous studies have investigated 2D FE
models of the uterus and cervix[78], 3D ultrasound-derived CAD-based FE models[76], and 3D
magnetic resonance imaging (MRI)-derived models[31,74,94].

Mahmoud et al. point out that little has been done to investigate the uterine-cervix interaction
through finite element modeling of pregnancy. They state the importance of capturing the
complex material behavior of the uterine and cervical tissue, as well as the detailed anatomy and
accurate boundary conditions[78]. Though the authors present a valid approach to building a
predictive model, their FE models are only two-dimensional and exclude the necessary
implementation of fetal membranes modeling.

House et al. used transabdominal 3D sonography images and segmented them to capture
CAD geometries of the pregnant anatomy for six healthy patients and one patient with acute
cervical insufficiency[76]. These FE analyses thoroughly modeled the uterus, cervix, fetal
membranes, amniotic sac, endopelvic fascia, cardinal and uterosacral ligaments, abdominal
cavity and fascia, and pelvic floor. House notes that the largest limitation of this study was the
lengthy process of converting the ultrasound images to numerical models.

Paskaleva used MRI image stacks obtained by House et al. to construct 3D FE models of the

pregnant anatomy[94]. The goal of this study was to feature cervical material growth and
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remodeling to simulate cervical insufficiency. Results demonstrated cervical loads were
concentrated at the internal os, especially in the case where the fetal membranes were allowed to
slide freely along the inner uterine wall. This result is consistent with the clinical procedure of
fetal membranes stripping in order to induce labor. In addition, Paskaleva modeled various
cerclage placement positions to investigate ideal scenarios. Models showed cerclage placement
closer to the internal os as opposed to the external os resulted in decreased cervical funneling,
predicting a minimized potential of cervical insufficiency. These results also coincide with
clinical findings of cerclage placement to structurally support the cervix[95].

House et al. have also used MRI techniques to investigate cervical funneling in the TYVU
deformation patterns[31]. Models demonstrated the deformation by varying cervical material
properties and applying representative pelvic loads. The authors were unable to determine if
TYVU deformation is caused by weak cervical structure or if it is caused by another
physiological process.

Verbruggen et al. developed a series of simplified two-dimensional finite element models of
the uterus and fetal membranes to investigate the mechanical behavior and rupture [96]. They
found that modeling the chorion and amnion as a single-layer monolithic structure behaves much
differently than a more anatomically correct composite bilayer, as it under-predicts membrane
rupture and stress. This emphasizes the need to investigate the mechanics of the chorion as a
separate structure in a physiologically accurate loading configuration.

Fernandez et al. used 3D MRI images of two pregnant patients to investigate the influence of
anatomical geometry, cervical material properties, fetal membrane material properties and
adhesion on the mechanical deformation and loading patterns of the cervix at the internal os[74].

The study showed that the uterus, cervix, and fetal membranes all share load-bearing of the fetus
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and amniotic sac. Key mechanical and structural factors affecting cervical stretch were lower
uterine segment and cervical geometries, material properties of the cervical tissue, and fetal
membrane material properties and adhesion scenarios.

Previous studies sought to simplify pregnant anatomy geometries in order to expedite the
finite element process[75]. Ultrasound images were used to create a parameterized model of the
uterus, cervix, fetal membranes, vaginal canal, and abdomen. It lacked intricate anatomical
details such as bumps and grooves as it modeled the uterus as an ellipsoid with uniform
thickness, and the cervix as a hollow cylinder. Findings showed a correlation to clinical practice,
such as in the case of cervical length and angle. Intuitive results were also shown, where a softer
cervix experienced more stretch than a stiffer cervix. New findings showed that the location of
the cervix on the lower uterine segment may also affect tissue stretch at the internal os. Though
the geometries in this study were not as anatomically detailed as MRI-derived studies, the entire
process from image collection to result visualization could be completed in a matter of hours,

rather than days or weeks taken with previous methods.

1.4 Conclusion: A need for improved biomechanical models of

pregnancy

While a short cervical length and a raised cervical-vaginal fetal fibronectin concentration are
the strongest predictors of spontaneous preterm birth, the process of parturition and the
phenomena of preterm birth is still hard to detect, especially in cases of no previous obstetric
history[97]. Furthermore, there is various conflicting evidence on clinical interventions for
preterm birth such as the Arabin pessary[98-101]. With the goal to further understand the
dynamic pregnant environment, we propose various methods to simulate the pregnant womb
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using finite element analysis. These methods will allow for both subject-specific investigations
as well as sensitivity studies that can provide a quantitative assessment of the contributing factors
necessary for improving preterm birth diagnosis. The eventual goal of these analyses is to
provide a predictive tool with the capability to identify human subjects at risk for preterm birth,
as well as forecast the likelihood of success for potential medical interventions to prolong
gestation. As a starting point for the development of this tool, an understanding of the factors
which influence tissue mechanics and pregnancy outcomes are presented here.

The main objective of this dissertation work is to characterize the geometric and kinematic
changes of the womb throughout gestation and across multiple pregnancies using biomechanical
models of the uterus, cervix, and fetal membranes, as well as calculate the tissue stretch and
stress. The dissertation work is divided into the sensitivity analyses of various geometric and
material parameters (Chapters 2-5) in addition to subject-specific analyses (Chapter 6).
Sensitivity analyses include cervical material and geometric parameters (Chapter 2), uterine
materials and shape (Chapter 3), fetal membrane stiffness and adhesion (Chapter 4), and model
boundary conditions (Chapter 5). In the conclusion (Chapter 7), we discuss the parameters with
the greatest impact on tissue mechanics and gestational outcomes, as well as suggested

improvements for future iterations of pregnancy simulations.

26



2 Ultrasound-derived finite element analysis of pregnancy:

sensitivity to cervical geometry and material

Characterizing reproductive tissues in real-time to understand these mechanical functions
throughout gestation is challenging. Pregnancy is a protected environment and accessing organs
to measure anatomical and tissue properties during this time is difficult. Hence, our driving
engineering motivation is to create a finite element model of the mechanical environment of
pregnancy based on the fewest and most minimally-invasive clinical measurements possible. Ina
preliminary finite element study using maternal anatomy segmented from MRI, we underscore
the importance of capturing the interaction of the fetal membranes, uterus, and cervix and
modeling the collagen architecture of these tissues[74]. Such a fully-segmented computational
model requires expert knowledge in anatomy and computer-aided design (CAD), is not practical
in a clinical setting, and the resulting finite element analysis is computationally expensive.

To address the need for a fast, flexible, and affordable computational assessment of the soft
tissue mechanics in pregnancy we built a parametric finite element model that utilized ultrasound
images of a pregnant abdomen at 25 weeks gestation. We scripted a user-friendly routine to
convert these ultrasound parameters into a CAD model of the pregnant anatomy. This CAD
model was used in finite element simulations to calculate the distribution of tissue stress and
stretch at 25 weeks of gestation, where material parameters and loading and boundary conditions
were informed or inferred by previously reported studies.

Motivated by the clinical significance of cervical length and recent clinical trials of a
biomedical device that angles the cervix away from a mechanical load in patients at high-risk for

sPTB[101-105], we investigate the effect of cervical structural parameters on the magnitude of
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tissue stretch at the cervical opening to the uterus (i.e. cervical internal 0s), which is the

anatomical site of clinically-observed cervical failure.

2.1 Methods

2.1.1 Ultrasound measurement of maternal anatomy

Geometric dimensions of the uterus, cervix, and their position in reference to the symphysis
pubis as a bony reference landmark were taken via ultrasound (GE Voluson E8) (Figure 2-1). All
measurements were taken transabdominally or transperineally using the transabdominal probe
(GE RAB4-8D, real-time 4D volume, curved array transducer, 4- 8.5MHZ). For the baseline
model, dimensions were measured from a 35-year-old patient with no prior pregnancies at 25
weeks gestation with an empty bladder. The patient subsequently delivered the neonate at 40

weeks.

Transabdominal Scans Transperineal Scans

Anterior
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Figure 2-1: Uterine and cervical dimensions taken via transabdominal and transperineal ultrasound at 25 weeks of gestation.
UD=uterine diameter, UT=uterine thickness, CD=cervical dimension, CA=cervical angle.
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Uterine diameters (UDs) were measured with the extended view imaging feature of the
Voluson E8, which automatically registered adjacent ultrasound images as the probe was swept
across the abdomen from the fundus to the pubic bone at a steady rate of 2 cm/s. With this
sagittal view, we obtained measurements of uterus longitudinal diameter (UD1), anterior-
posterior diameter (UD2+UD3), and the offset of the cervical internal os from the uterus
longitudinal diameter (PCO) (Figure 2-1A). To measure the transverse uterine diameter (UD4) in
an extended axial view, the transabdominal probe was swept from left to right across the mid-
abdomen and the uterus measured at its widest point (Figure 2-1B). Uterine wall thicknesses
(UT1-5) were measured at multiple locations from the fundus to the lower uterine segment
(LUS) with the transabdominal probe in a standard clinical resolution (Figure 2-1C & D) and
were considered the echogenic signal from the serosa to the decidua. Cervical length (CL),
diameter (CD1), canal width (CD2), angle with the anterior LUS (AUCA), and angle with the
periosteum of the symphysis pubis (CA1) were assessed via transperineal scans (Figure 2-1E &
F).

2.1.2 Computer (CAD) models of pregnancy

The maternal ultrasonic parameters were converted into CAD geometries with a custom
computer script (Trelis Pro 15.1.3, csimsoft LLC). Geometries of the uterus, cervix, fetal
membranes, vaginal canal, and abdomen were created with Boolean addition and subtraction of
geometric primitives (Figure 2-2). Dimensions for the baseline model are given in Table 2-1. For
this initial model, the uterus was built by transforming two spherical shells into ellipsoids. The
interior uterus was scaled to the diameters obtained during ultrasound (UD1-4) and rotated in
relation to the reference angle of the symphysis pubis (CA1). The current iteration of this model

does not have CAL1 as a measured value from the patient. Instead, it uses an arbitrary value of
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15-. The outer shell was then scaled, translated, and rotated to accommodate differences in

uterine wall thickness (UT1-5) in the anterior-posterior, superior-inferior, and left-right

directions.
Dimension Measured Value
uD1 192 mm
ubD2 68 mm
ub3 55 mm
PCO 25 mm
ubD4 215 mm
uTl 5mm
uT2 6 mm
uT3 6 mm
uT4 6 mm
uTs5 5Smm
AUCA 90°
CAl 15°*
CL 30 mm
CD1 30 mm
CD2 4 mm

Table 2-1: Baseline ultrasound measurements. UD=uterine diameter, PCO=posterior cervical offset, UT=uterine thickness,
AUCA=anterior uterocervical angle, CA=cervical angle *Arbitrary value, not measured value), CL=cervical length,
CD=cervical diameter

The cervix was built by creating a cylinder representing the diameter of the inner canal
(CD2) and subtracting that volume from a larger cylinder representing the outer cervical
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diameter (CD1) and cervical length (CL). The resultant hollow cylinder was then moved and
rotated according to posterior cervical offset (PCO) and anterior cervical angle (AUCA). The
cylinder was rounded at its corners to match the anatomical rounding of the uterocervical
junction and to replicate the roundness of the most exterior end of the cervix (i.e. external 0s).

Abdomen Upper cervix
|

Fetal
membranes
Internal os

region Lower cervix

Symphysis
pubis

Figure 2-2: 3D representation of the environment of pregnancy. The cervix was separated into three sections for analysis: the
upper cervix, lower cervix, and internal os region.

For the purpose of tissue loading analysis, the cervix was then separated into three different
regions: an upper portion, a lower portion, and the internal os region (Figure 2-2). First, the
cylindrical representation of the cervix was cut by a plane normal to the external os at a fixed
distance of 15 mm from the internal os. Second, the top portion of the cervix was then separated
by a surface extended from a smaller cylinder with a diameter that was twice of the cervical
inner canal. Lastly, the vaginal canal was built by fitting a spline to three vertices located at the
outside edges of the external os and one vertex at the approximate location of the vaginal
introitus and the fetal membrane was generated with uniform thickness based on the contours of

the inner uterine wall.
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2.1.3 Finite element mesh generation

All meshes were generated using the automatic and manual meshing tools in Trelis Pro
(v15.1.3, csimsoft LLC). The fetal membranes were meshed with hexahedral elements, while all
other volumes were meshed with tetrahedral elements. Mesh properties varied from model to
model. The baseline model mesh is given in Table 2-2, and is shown in Figure 2-3. All volumes
except the fetal membranes were meshed with linear tetrahedral elements. The fetal membranes
were meshed as a single continuous layer of linear hexahedral elements with a thickness of

0.1mm and no edges longer than 3 mm.

Total Uterus Membrane | Abdomen Uppe_zr Lowgzr Internal Os
Cervix Cervix
Element Type - Tet Hex Tet Tet Tet Tet
Element Count | 180,735 35,246 9,600 39,933 51,239 27,422 17,295
Average
Element - 16.33 mm?3 | 0.994 mm® | 61.3 mm3 | 0.236 mm? 0.344 mm® | 0.131 mm?
Volume

Table 2-2: Mesh properties for the baseline model

The uterus and cervix were connected at the node level to one another, so their boundaries
were shared and moved congruently. Where the uterus and cervix shared a boundary with the
abdomen volume, those boundaries were also node-tied. The lower cervix was not tied to the
interior vaginal canal but floated freely inside the vaginal fornix. The mesh density of the cervix
was set to the finest setting by the inherent Trelis element density function, in order to yield the

most accurate deformation results for our analysis.
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Figure 2-3: Sample mesh for baseline geometry. The fetal membrane was meshed with hexahedral elements, while all other
volumes were meshed with tetrahedral elements.

Mesh convergence studies were performed by increasing the number of elements through the
cervix. Mesh density was decreased from a factor of 7 (coarse mesh) to a factor of 1 (fine mesh).
Our results use the finest mesh available in Trelis, with a refinement factor of 1. The mesh was
considered converged if there was less than 5% change in the percentage of internal os region

above the stretch threshold.

2.1.4 Material properties

The cervix and uterus materials were treated as continuously distributed fiber composites
with a compressible neo-Hookean groundsubstance. This hyperelastic solid model was
developed to describe the tension-compression nonlinearity in human[106] and mouse[107]
cervical tissue. Considering not much is known about the multi-axial material behavior of these
tissues during pregnancy, we investigated the full range of possible properties, where term
pregnant (PG) tissue was considered the remodeled tissue and nonpregnant (NP) tissue

represented the not remodeled tissue.
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The total Helmholtz free energy density WT°7 for the uterine and cervical materials were

given by

qJTOT(F) — LIJGS(F) + qJCOL(F)
Equation 2-1

Where F is the deformation gradient. The free energy density of the ground substance W¢° is

given by a standard isotropic, compressible neo-Hookean relation

Pas =%(11 -3) —‘uln]+%(ln1)2

Equation 2-2

where I; = trC is the first invariant of the right Cauchy-Green tensor € = (F)TF and ] = detF

is the Jacobian. u and [ are the standard lamé constants. These lamé constants combine to form

3424
the Young’s modulus and Poisson’s ratio of the ground substance E¢S = H(Tﬁ’l) and
A
VoS = m respectively. The strain energy density for the continuously distributed collagen
2

fiber network is given by

COL 1 2w fiber .
POt = — H(I, — VW™ (1,) sin ¢ dpd6
0 0

Equation 2-3

where the Heaviside step function H ensures fibers hold only tension, [, ¢] are the polar and

azimuthal angles in a spherical coordinate system. I,, = n, - C - n, is the square of the fiber
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stretch, where n, = cos 6 sin ¢ e; + sin 6 sin ¢ e, + cos ¢ ez in a local Cartesian basis

{ey, e5,e3}. WP is the strain energy density of a collagen fiber bundle given by

: §
fiber _ 2 -1 B
W = 2 Uy = 1)

Equation 2-4
where & represents the collagen fiber stiffness with units of stress and 5 > 2 is the dimensionless
parameter that controls the shape of the fiber bundle stiffness curve (here, the fiber strain energy

density is cast in a different form than the model presented for the human cervical tissue[82],

hence direct comparison can be made by considering the % prefactor here).

To focus this study on the model sensitivity to maternal anatomy and collagen fiber stiffness
parameters and not on the collagen ultrastructure, groundsubstance, or time-dependent
properties, we made simplifying adjustments. Both material model fits were conducted on the
material behavior after the transient force relaxation response died away. In this present study,
we used a randomly distributed collagen fiber network as opposed to a preferentially-aligned
collagen fiber network as presented in [106]. Cervical material properties used in this study
(Table 2-3) represent collagen fiber parameters fit to the nonpregnant and term pregnant human
uniaxial tension-compression data reported in [106,108,109], with the ground substance material
properties kept constant. Considering we do not know material properties for the cervix at 25
weeks, we chose to approximate interim cervical fiber stiffness at constant increments between
the known values. Uterine material properties represent a material model fit to passive,
nonpregnant and term pregnant human uniaxial tension data reported in [110]. Fibers in both the

uterus and cervix are randomly distributed. They rotate and stretch in the direction of principal
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stress. Previous work compared the difference between preferential and randomly distributed
fiber directionality in an initial finite element model of pregnancy and found a negligible
difference between the two scenarios[74]. As we continue to characterize the directionality and
dispersion of the collagen fiber architecture for both the uterus and the cervix[111,112], we will

examine the effects of tissue architecture on tissue loading.

Tissue Description ESS [kPa] y6s B & [kPa]
Uterus — remodeled 2 0.3 271 190
Uterus — not remodeled 2 0.3 3 199
Cervix — remodeled 2 0.3 3.12 1.71
Cervix — interim 1 2 0.3 3.12 7.89
Cervix — interim 2 2 0.3 3.12 36.3
Cervix — interim 3 2 0.3 3.12 167
Cervix — not remodeled 2 0.3 3.12 769

Table 2-3: Uterine and cervical tissue variables taken from material fits to experimental data. These values are implemented in
a continuous fiber distribution material model used in FEBio 2.4.2.

The outer abdomen was treated as a soft nearly incompressible neo-Hookean material with a
modulus of 5 kPa. An incompressible Ogden material model based on equibiaxial tensile loading
of human amnion[113] was employed for the fetal membrane layer material properties (Table
2-4), where the particular form of the Ogden strain energy density, as defined in FEBIo, was

given by,

3
Ci m; m; m;
g = ZW(A1 + AT 4 AT 3)),

i=1 !

Equation 2-5
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Tissue Description cl[MPa] | c2[MPa] | c3[MPa] m1l m2 m3

FM 0.859 0.004 0.756 27.21 | 27.21 | -16.64

Table 2-4: Fetal membranes (FM) material properties described by an Ogden material model in Equation 2-5.
2.1.5 Boundary conditions and loading

Boundary conditions were applied as described in Figure 2-4. The abdomen was fixed in the
X, Y, and z directions on its outside surface. The fetal membranes were prescribed a no-slip, tied
contact along its outer surface (cyan in Figure 2-4) to the inner surface of the uterus (purple) and
to the inner surface of the upper cervix region (green). A frictionless sliding contact condition
was assigned between the outer surface of the fetal membranes (cyan) and the internal os region
(yellow). Anatomically, in normal pregnancy, the outer layer of the fetal membranes is adhered
fully to the uterine wall and the upper cervix throughout gestation and detaches at the onset of

labor.

Y A

| hed Sliding

Figure 2-4: Boundary and loading conditions. Outside of the abdomen was fixed in x, y, and z directions (dashed lines in figure).
Uniform intrauterine pressure (IUP) was applied on the inner surface of FM. Tied contact was applied between FM (cyan) and
uterine wall (purple) and between FM and upper cervix (green). Sliding contact was applied between FM and cervix internal os
region (yellow).
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Pressure was applied to the inner surface of the fetal membranes to represent the intrauterine
pressure (IUP). IUP magnitude was informed by previous studies that measured the amniotic sac
cavity pressure via catheter puncture of the fetal membranes, where the values were reported
after subtracting the gravitational pressure head from the reading[52]. IUP at 25 weeks (0.817

kPa) was calculated with the following equation from the Fisk et al. study:

In(y +1) = 0.12 + 0.23x — 0.010x2 + 0.00015x3,
Equation 2-6

where y is the amniotic pressure in mmHg and x is the gestation in weeks [52]. To compare
stretch patterns between models, we ramped the pressure to the value of 40 weeks (2.33 kPa) and

to the value of a labor contraction (8.67 kPa)[114].

2.1.6 Finite element (FE) analysis and evaluation

FE analyses were performed in FEBIo 2.4.2 (http://www.febio.org.). Stress and stretch data
were plotted as a function of IUP in PostView (PostView 1.9.1), FEBio’s post-processor for
visualization and analysis. These data were then imported into MATLAB (MATLAB R2014a)
for further post analysis. To describe the deformation of the cervix, the extent of cervical 1st
principal right stretch was evaluated as a percentage of the cervical internal os volume (Figure
2-2) above a 1.05 stretch threshold. The right stretch in this context is the symmetric tensor U in

the polar decomposition of the deformation gradient F = RU.

2.1.7 Sensitivity to cervical structural parameters

After the evaluation of the baseline model, cervical structural parameters were scaled

individually in order to assess each variable’s impact on cervical internal os stretch. The range
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of values was based on literature values and represented clinical significance[115,116]. These

parameters were: anterior uterocervical angle (AUCA), cervical length (CL), posterior cervical

offset (PCO), and cervical stiffness (Table 2-5). Stretch magnitude and distribution were

compared at a contraction-level IUP of 8.67 kPa to illuminate patterns.

Cervical Fiber
Model Cervical Angle [°] | Cervical Length [mm] | Cervical Offset [mm]
Stiffness ¢ [kPa]

Baseline 90 30 25 1.71 & 769
AUCA 90 > 110 30 25 1.71 & 769
CL 90 25> 40 25 1.71 & 769
PCO 90 30 0->25 1.71 & 769
Cervical Stiffness 90 30 25 1.71 > 769

Table 2-5: Model geometries, with ranges for each varied parameter. AUCA = anterior uterocervical angle, CL = cervical
length, PCO = posterior cervical offset

AUCA in this analysis was defined as the angle between the cervical inner canal and the

anterior LUS (Figure 2-1E). AUCA was varied in ten-degree increments from 90° in the

baseline model to the most extreme value of 110° with respect to the anterior LUS. CL was

varied in 5mm increments from 25mm (a clinical short cervix) to 40 mm. CL in this analysis was
defined as the length of the inner canal from the internal os to the external os (Figure 2-1E). PCO
was varied in 5mm increments from Omm to the baseline value of 25 mm. PCO in this analysis
was defined as the distance from the longest uterine diameter to the cervical internal os (Figure
2-1A). Cervical stiffness was varied by decreasing fiber stiffness & from the NP value of & = 769
kPa in even increments to reach the PG value of ¢ = 1.71 kPa. All other parameters in the

material model were kept constant.
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2.2 Results

2.2.1 Baseline model

The baseline pregnancy model at 25 weeks of gestation shows minimal deformation under
amniotic sac cavity pressure estimated for that week (Equation 2-6, IUP=0.817 kPa). At this
level of pressure, the maximum level of tensile stretch for the cervix, uterus, and fetal
membranes reached 1.04, 1.05, and 1.06 respectively, and the maximum level of compressive
stretch for the cervix is 0.86. Minimal tissue stretch at this stage of pregnancy is supported by
previous x-ray and histologic studies, where evidence shows that the uterus undergoes dramatic
growth with limited stretching in the first half of pregnancy to accommodate the fetus and
amniotic fluid[10]. Analysis was done for both remodeled (PG) and not remodeled (NP) uterine
and cervical tissue properties for baseline IUP at 25 weeks (Figure 2-5A, D), baseline IUP at 40

weeks (Figure 2-5B, E), and contraction-magnitude IUP (Figure 2-5C, F).
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Figure 2-5: The color map reports the 1% principal right stretch for the baseline geometry evaluated with IUPs of (A&D) 25
weeks = 0.817 kPa, (B&E) 40 weeks = 2.33 kPa, and (C&F) contraction = 8.67 kPa. The percentage reports the volume
fraction of the cervical internal os region above a 1.05 stretch. The membrane is removed for clarity.

To illuminate the pattern of tissue stretch, the model is investigated under a contraction-level
intrauterine pressure of 8.67 kPa. There is a jump in tissue stretch distribution at the boundary of
the uterus and cervix because of material property definition. Overall, the highest amounts of
stretch are located near this uterocervical boundary for the uterus and at the internal os of the

cervix. Because of the ellipsoidal shape of the uterus and the placement of the cervix in relation
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to the uterine axis, tissue stretch patterns follow anatomic quadrants. Zones of high stretch are
apparent in the anterior-posterior sections of the uterus and the left-right sections of

the cervix (red zones in Figure 2-5F). For the uterus, the maximum stretch is directed along the
meridian in the anterior and posterior quadrants and along the circumference in the left-right
quadrants. Throughout the uterine thickness, the stretch is at a maximum on its inner surface and
decreases towards the outer surface. These stretch concentration patterns may vary for differing
uterine shapes and sizes.

For the upper part of the cervix, its outer edges are dictated by the direction of the uterine
wall tension, where the anterior-posterior cervix is pulled in a radial direction and the left-right
quadrants are pulled in circumferential tension. The stretch pattern of the inner core of the
cervix does not show quadrant patterns. Instead, the first principal stretch is directed
circumferentially in all anatomic quadrants (Figure 2-6A). For compressive stretch, the
distribution is off-centered and the maximum magnitude is located in the posterior section
(Figure 2-6C). Second principal stretch is largest in the left and right quadrants of the uterus
(Figure 2-6B), and maximum shear strain occurs at the posterior uterus and uterocervical
interface (Figure 2-6D). These stretch patterns are most likely dominated by the geometric
features of the uterus and fetal membranes adhesion at both the inner uterine surface and the
inner surface of the upper cervix region. The stretch plotted here is for uniform intrauterine
pressure and does not include the fluid pressure head due to gravity. Gravitational forces will

most likely shift this distribution towards the anterior direction.
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Figure 2-6: Baseline results with vector plots to show stretch directions for (A) 1st principal right stretch, (B) 2nd principal right
stretch, (C) 3rd principal right stretch, and (D) maximum shear strain. For 1st principal right stretch, circumferential stretch is
exhibited at the internal os while radial stretch is observed at the anterior and posterior sections of the uterocervical interface.

2.2.2 Cervical structural parameters

Both the geometric and material properties of the cervix influence the distribution and
magnitude of tissue stretch. Results indicate that geometric variations in anterior uterocervical
angle (AUCA), cervical length (CL), and posterior cervical offset (PCO) are all more influential
in a softer cervix (Table 2-6). The geometric parameter PCO has the largest effect on the loading
at the internal os for both the soft pregnant (PG) cervix and the stiff nonpregnant (NP) cervix.
Aligning the cervical canal with the uterine longitudinal axis reduces the amount of tissue stretch
at the internal os. For the PG cervix, when PCO = 0 mm the volume fraction of cervical tissue
above the 1.05 stretch threshold reduces by 50% compared to the most extreme case
investigated, which is the baseline value of PCO = 25 mm. Even for the NP cervix, aligning the
cervical canal with the uterine axis reduces the tissue stretch volume fraction by 16%. For the NP
cervix, CL and AUCA have a negligible influence on the outcome tissue stretch measurement.
For the PG cervix, lengthening the cervix from 25 mm to 40 mm results in a 22% reduction in
the volume fraction of the cervical internal os above the 1.05 stretch threshold, while varying
cervical angle still has little effect on the volume fraction. There are no scenarios in which an NP

cervix had the same amount of loading as the PG cervix.
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Baseline AUCA [°] CL [mm] PCO [mm]

90 100 110 25 30 35 40 0 5 10 15 20 25

NP
Cervix
(stiff)
Volume
25.3 25.3 26.0 26.1 26.2 25.3 26.0 26.8 21.2 21.2 22.0 23.3 24.1 25.3
fraction
above

1.05

stretch

PG

Cervix
(soft)
Volume
92.6 92.6 94.2 948 | 93.2 926 | 80.2 | 725 | 46.0 | 485 | 50.1 58.1 82.2 92.6
fraction
above

1.05

stretch

Table 2-6: Summary of results for the volume fraction of cervical internal os above a 1.05 stretch threshold. AUCA=anterior
uterocervical angle, CL=cervical length, PCO=posterior cervical offset. The geometric parameter PCO had the largest influence
on the amount of tissue stretch at the cervical internal os, for both a soft PG cervix and a stiffer NP cervix. The most drastic
reduction in cervical tissue stretch occurs for a soft cervix that is aligned with the uterine longitudinal axis compared to a 25 mm
PCO.

2.2.2.1 Sensitivity to anterior uterocervical angle (AUCA)

As anterior uterocervical angle (AUCA) increases and the external os of the cervix is tilted
towards the posterior, cervical stretch of the internal os region increases and the distribution of
stretch moves posteriorly (Figure 2-7). In the not remodeled cervix material model, the 110°
AUCA experiences a 3.2% increase in the volume fraction of cervical tissue above the 1.05
stretch threshold from the 90° AUCA. In the remodeled cervix material model, the 110° AUCA

experiences a 2.4% increase in the volume fraction from the 90°AUCA. In both models, cervical
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tissue stretch is minimized when the cervix is aligned with the longitudinal uterine axis (AUCA

= 90°).

Posterior

Anterior

25.3% 92.6%
B E

26.0% 94.2%

26.1% 94.8%

Figure 2-7: Uterine and cervical stretch patterns as AUCA (shown top left) is varied.  The color map reports the 1st principal
right stretch for remodeled cervix with AUCA of (4) 90°, (B) 100°, and (C) 110°, and remodeled cervix with AUCA of (D) 90,
(E) 1007, and (F) 110°. The percentage reports the volume fraction of the cervical internal os region above a 1.05 stretch. The
membrane is removed for clarity.

2.2.2.2 Sensitivity to cervical length (CL)
Cervical length (CL) has an influence on cervical loading patterns only when the cervix has
remodeled material properties (Figure 2-8). When the cervix has not remodeled and is as stiff as

the nonpregnant state, increasing the cervical length does not alter the loading pattern at the
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internal os. For a cervix that has remodeled and is as soft as the term tissue, as cervical length is
decreased the stretch at the internal os increases. The 25 mm CL experiences a 28.6% increase in

the volume fraction of tissue over 1.05 stretch from the 40 mm CL.
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Figure 2-8: Uterine and cervical stretch patterns as CL (shown top left) is varied. The color map reports the 1st principal right
stretch for not remodeled cervix with CL of (A) 25 mm, (B) 30 mm, (C) 35 mm, and (D) 40 mm, and remodeled cervix with CL of
(E) 25 mm, (F) 30 mm, (G) 35 mm, and (H) 40 mm. The percentage reports the volume fraction of the cervical internal os region
above a 1.05 stretch. The membrane is removed for clarity.



2.2.2.3 Sensitivity to posterior cervical offset (PCO)

As posterior cervical offset (PCO) increases, cervical stretch of the internal os region
increases (Figure 2-9). In the not remodeled cervix material model, the 25 mm PCO experiences
a19.3% increase in the volume fraction of tissue over 1.05 stretch from the 0 mm offset, with
intermediary values corresponding to this increasing trend. In the PG cervix material model, the
25 mm PCO experiences a 101.3% increase in the volume fraction of tissue over 1.05 stretch
from the 0 mm offset, with intermediary values corresponding to this increasing trend. As seen

with the CL parameters, the softer cervix is more sensitive to changes in geometric variables.
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Figure 2-9: Uterine and cervical stretch patterns as PCO (shown top left) is varied. The color map reports the 1st principal right
stretch for not remodeled cervix with PCO of (A) 0 mm, (B) 5 mm, (C) 10 mm, (D) 15 mm, (E) 20 mm, and (F) 25 mm, and
remodeled cervix with PCO of (G) 0 mm, (H) 5 mm, (I) 10 mm, (J) 15 mm, (K) 20 mm, and (L) 25 mm. The percentage reports
the volume fraction of the cervical internal os region above a 1.05 stretch. The membrane is removed for clarity.



2.2.2.4 Sensitivity to cervical stiffness

As the cervix is made softer by decreasing the value of the collagen fiber stiffness parameters
&, cervical stretch of the internal os region increases (Figure 2-10). Keeping all other material
parameters the same, the collagen fiber stiffness associated with a remodeled cervix experiences
a 266% increase in cervical stretch from collagen fiber stiffness value associated with the not

remodeled cervix.
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Figure 2-10: Uterine and cervical stretch patterns as cervical fiber stiffness is varied. The color map reports the 1st principal
right stretch for the baseline geometry evaluated with a cervical fiber stiffness (&) value of (A) 1.71, (B) 7.89, (C) 36.3, (D) 167,
and (E) 867 kPa. The percentage reports the volume fraction of the cervical internal os above a 1.05 stretch. The membrane is
removed for clarity.
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2.3 Discussion

This work develops a method to generate a patient-specific finite element model of the
uterus, cervix, fetal membrane, and surrounding anatomy derived from maternal ultrasound
scans. For a baseline investigation, we model a pregnant patient at 25 weeks of gestation and
convert ultrasound measurements into a parametric computer model. With this computer model,
and basing engineering assumptions on previously published data, we assess tissue stretch at
various levels of intrauterine pressure (IUP). Results indicate that the distribution and magnitude
of stretch of the cervix are affected by uterine wall mechanics, where direction and magnitude of
cervical stretch are pulled towards uterine wall tension. Our results show a stretch concentration
at the internal os of the cervix, matching findings from previous finite element models[31,73,74].

We also demonstrate the flexibility of this model by investigating the effects of cervical
angle, length, offset, and material properties on the stretch generated at the internal os due to
contraction-magnitude 1UP. The sensitivity study of cervical structural parameters indicates that
the effect of geometric parameters is magnified for a soft cervix and that cervical tissue
stretching was most sensitive to posterior cervical offset (PCO) (Table 2-6). In this preliminary
model, we show that cervical stretch is reduced if the cervical canal is aligned with the uterine
axis, where there the cervical axis is collinear with the uterine axis.

The level of tissue stretch at the IUP for 25 weeks of gestation was minimal. Tissue tensile
stretch levels remain below 1.044 for the entire model at this gestational age. In comparing our
results to previous studies[74], we see larger tensile stretches due to different fetal membranes

adhesion scenarios. In the previous study, the fetal membranes were only
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tied to the lower uterine segment, whereas in this study, they are tied to both the lower uterine
segment and upper cervix. Minimal tissue loading is expected at the 25 weeks gestation
timepoint considering the uterus grows and stretches to ac accommodate the enlarging amniotic
sac. Uterine mass grows from 70 g to 1100 g and its volume capacity goes from 10 mL to 5
L[117]. Early histologic[11], x-ray[10], and amniotic cavity pressure catheter[52,118,119]
studies offer the most complete view of pregnant uterine anatomy. We learn from these data that
in the first 12 weeks of pregnancy, hormonal signals initiate a considerable uterine growth
process under negligible mechanical loading[1,11,52,120]. From 12 to 16 weeks, the lower
section of the uterine corpus unfolds into the lower uterine segment to allow for expansion of the
amniotic sac without stretching the uterine wall[11]. X-ray data of pregnant anatomy confirms
the uterine wall thickness stays constant until 16 weeks and then begins to thin and elongate
along its diameters as the fetus begins its rapid growth between 16 and 24 weeks[10]. During this
time the uterus both grows and stretches. After 24 weeks, x-ray and ultrasonic evidence support
that the uterus stops growing and continues to stretch and thin considerably until term[10,13-
15,117,121].

Evidence from ex vivo cervical fibroblast studies suggests that cervical tissue stretch controls
cervical material modeling processes[122-124]. Hence, it is postulated that excessive
cervical tissue stretch triggers premature cervical remodeling and possibly preterm birth. To
evaluate the effect of cervical geometric parameters on cervical tissue stretch, we evaluated
model outcome variables at a contraction-level IUP. Cervical tissue stretch is most sensitive to
posterior cervical offset (PCO, Figure 2-9) and is least sensitive to anterior uterocervical angle
(AUCA, Figure 2-7). Cervical tissue stretch is only sensitive to cervical length (CL, Figure 2-8)

if the cervix has already remodeled and is soft.
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2.3.1 Clinical considerations

These results of this initial sensitivity study help explain the conflicting results seen in the
clinical literature. The mechanical role of the cervix is recognized clinically, where both risk
assessment and management of spontaneous preterm birth (SPTB) rely heavily on the serial
ultrasound assessment of cervical length[125,126]. The positive predictive value of a
sonographic short cervix is low as many women with a short cervix go on to deliver near
term[127-134]. Our results show that assessing cervical length alone will not indicate the
likelihood of the cervix to continue to deform. Instead, both cervical length and cervical material
property must be evaluated to better predict cervical deformation under load.

Cervical angle has recently been the topic of clinical studies focusing on diagnosis and
prevention of preterm birth. Two retrospective cohort studies investigating cervical angle as an
indicator of sSPTB showed conflicting results. One study found that an extreme posterior angle is
associated with preterm birth[115] and the other did not[135]. The efficacy of clinical
interventions that are thought to restore the mechanical function of the cervix to prevent preterm
birth also remains unclear. The cervical pessary, a silicone ring-shaped diaphragm meant to
angle the cervix away from the mechanical load[102] is currently the subject of multiple large-
scale randomized clinical trials in the US and in Europe. Results have been conflicting. A
Spanish clinical trial of pessary use showed a benefit to pessary use in singleton[103] and
twin[101] pregnancies at risk for sSPTB. However, this success has not been replicated in the
largest clinical trials to date for twin[99,104] and singleton[105,136] pregnancies. It was
concluded that the use of the pessary did not result in the reduction of SPTB nor adverse neonatal
outcomes. Our simulation results suggest cervical angle has a minimal effect on cervical tissue

stretch.
52



In contrast, our results show the novel notion that posterior cervical offset (PCO) could be
measured sonographically to contribute to risk assessment of preterm birth. Yet this contradicts
the Bishop Score method used traditionally in the clinic to predict readiness for birth. A posterior
cervix results in a low Bishop Score, which correlates to a low chance of labor induction. A mid-
line cervix has a moderate Bishop Score, and an anterior cervix has a high Bishop Score. Most
often in pregnancy, the cervix lies posterior throughout gestation and moves anteriorly nearing
labor. One counterpoint to this result is that if there is strong adhesion between the cervix,
decidua, and fetal membranes, the cervix will be pushed posteriorly as the head descends with
increased fetal growth. This scenario would result in a posterior cervix, but with reduced
cervical stretch due to strong adhesion. Therefore, it is important to note that a posterior cervix
results in increased stretch over a centered cervix only in the event that the membrane adhesion
scenario is the same in both.

Since our baseline model is symmetric, the increased stretch in a large posterior cervical
offset may also be observed in the case of a large anterior cervical offset instead. Future
iterations of this model will investigate an anterior cervical offset, in addition
to each scenario for a retroverted uterus (uterus tilted posteriorly). We believe that the posterior
and anterior cervical offset parameters will yield similar results, and having the cervical canal
axis aligned with the longitudinal uterine axis is ideal to minimize cervical stretch at the internal
0s.

It should be noted that hydrostatic pressure on the internal os is neglected in this model. The
only scenario in this sensitivity study that would be affected by including hydrostatic pressure
would be the posterior cervical offset since changing this parameter moves the internal os to a

different height within the uterus. However, moving the cervix posteriorly by a maximum of
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25mm would change the hydrostatic pressure by no more than 0.2 kPa, which can be considered

negligible in comparison to the 8.67 kPa intrauterine pressure applied in the analysis.

2.3.2 Comparison to MRI-based model

To facilitate the creation of a more clinically applicable simulation and to reduce
computational needs, we pursued the analytical method as shown here to create a pregnant
anatomy. To understand how these simplifications affect cervical tissue stretch patterns, we
compared a parameterized model with a model generated from our previously published MRI-
segmentation methods[74]. Briefly, dimensions of the uterus and cervix were measured from
MRI data of the normal subject presented in[74], and these measurements were implemented in
our parameterized procedure detailed here. Since this modeling method includes simplifications,
the parameterized model does not contain bumps, divots, and variations in thickness that the
segmented geometry includes. In Figure 2-11 we compare tissue stretch patterns between the
MRI-segmented and analytical geometries. Here, we use the same material models, mesh
density, membrane thickness, contact definitions, and boundary conditions between the two

models.
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Figure 2-11: Principal right stretch plots of the MRI geometry model (A1) and the parameterized geometry model (A2) under an
IUP of 0.817 kPa applied to the fetal membrane. First principal stretches (A1, A2) reflect the areas of highest tension and are
concentrated around the internal os and the proximal portion of the cervix. Third principal strains (C1, C2) represent areas of
compression, which are most prominent in the MRI model (C1). Shear strains are shown in figures D, and are also concentrated
over the internal os, but are approximately twice as large in the MRI-derived model due to the irregular surface of the geometry.
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Overall, after application of intrauterine pressure of 0.817 kPa, the parameterized model
predicts similar locations for strain concentration patterns as the MRI-segmented model does.
Figure 2-11A1-D2 demonstrate that the largest differences occur at the site of a geometric
feature in the MRI-based model at the location of the posterior internal os. At this location, the
top of the cervix protrudes slightly into the volume of the uterus. This geometric irregularity
cannot
be captured in the current set of geometric measurements we have defined. Clinically, any
measurements need to be well-defined, repeatable, and easily teachable to ensure correct
procedures are followed. Characterization of these kinds of geometric features is doubly
challenging as the internal pelvic anatomy is not static, and can change substantially even during
the same ultrasound session (for example, with contractions or from the bladder filling or being
emptied).

Because both models use exactly the same material models and membrane contact
definitions, this disagreement must arise from differences between the geometries. In particular,
the MRI model geometry is inherently less geometrically stiff in the mode of internal
pressurization because it has hills and valleys on the surface, making it equivalent to
a rope with slack being pulled under tension. On the other hand, the geometric primitive-based
ellipsoidal geometry in the parameterized model has less play under increasing internal
pressurization, because its basic geometry is more stable.

These effects will be important to characterize in future iterations of the model, and a
mechanism to capture this behavior will be developed. The mechanism may take the form
of better replicating the in-vivo geometry or of modifying the constitutive model to reduce the

low-strain stiffness to an amount equivalent to the geometric slack we see in the
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MRI-models.

Despite the differences between the results of each method, the parameterized model is an
important tool in bridging the gap between future numerical clinical tools and the current clinical
state of the art due to its unlimited flexibility and much-reduced patient measurement to

simulation timeline.
2.3.3 Limitations

As we work towards a more accurate finite element model of pregnancy, we use simplified
simulations to explore the effect of model parameters on outcome variables. Simplifying
assumptions in this model include the difference between actual anatomic geometry and the
simplified geometry, the assumption of material property homogeneity, the lack of dynamic
analysis and tissue growth, and the fact that measurements were taken in vivo in a loaded
configuration. Additionally, for a more accurate model we would need to directly measure
intrauterine and abdominal cavity pressures and in vivo fetal membranes, uterus, and cervix
material properties. We would also need to measure the properties of abdominal boundary
conditions, such as the placenta, to accurately represent the displacement of the top half of the
uterus and fetal membrane. While we work towards obtaining these data from minimally-
invasive methods, we relied on literature values of the intrauterine pressure (IUP) [30,31] and

mechanical measurements of ex vivo tissue samples.
2.4 Conclusions

We present here a method for incorporating simplified anatomical geometries, fetal

membrane contact conditions, IUP interaction, and cervical material properties into a mechanical
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simulation of pregnancy. In this study, we calculate the 1st principal right stretch under
contraction-magnitude IUP levels in sonographically estimated FE models of pregnancy.
Various cervical structural parameters are varied over a physiological range to analyze the
sensitivity of each dimension on cervical stretch. We chose to analyze AUCA, CL, PCO, and
cervical stiffness, and our results show that a combination of AUCA, PCO, and cervical stiffness
is the most significant LUS dimension measurement affecting the mechanical stretch state within
the cervix, particularly near the internal os. Our simulation result supports the need for additional
maternal anatomy parameters and the evaluation of cervical material properties to better predict
the occurrence of preterm birth. In future studies, we will conduct sensitivity studies on uterine,
fetal membranes, and boundary condition geometries and material properties as well. Our goal is
that our model will serve as a preliminary platform for the development of sSPTB diagnostic tools
and procedures. In addition, it serves as a first step in modeling the uterine and cervical growth

and remodeling in pregnancy.
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3 Ultrasound-derived finite element analysis of pregnancy:

sensitivity to uterine shape and material fiber orientation

Clinically, uterine over-distention has been associated with spontaneous preterm birth
because twin pregnancies[23,63] and patients with excess amniotic fluid tend to deliver
early[137]. Additionally, the mechanical failure of the uterine cervix caused by the premature
remodeling, shortening, and dilation of the cervix is thought to be the final common pathway for
many etiologies of spontaneous preterm birth[24,138]. Yet, the mechanical stretch of these
tissues during pregnancy has not been determined, preventing an understanding of normal labor
processes and an evaluation of the risk of preterm birth. The goals of this work are to take
advantage of existing temporal x-ray data of the pregnant human anatomy[10] to construct finite
element (FE) models of the pregnant abdomen and to calculate the magnitude of tissue stretch at
various gestation timepoints. X-ray data show that the gravid uterus goes from a spherical shape
before 20 weeks to an elliptical shape after 20 weeks when the fetal growth rate begins to
accelerate. During this elliptical growth, its walls thin and its longitudinal diameter grows more
quickly than the anterior-posterior and left-right diameters, with maximum elongation rate
occurring between 20 and 32 weeks (Figure 1-2)[10,13].

Furthermore, the muscular myometrium of the uterine wall has multiple layers with various
fiber directions (Figure 3-1). There is an external layer containing two sub-layers, one composed
of circular, and the second made up of longitudinal fibers. The intermediate layer has interlaced
muscle fibers running diagonally. Finally, the innermost myometrial layer has circular

fibers[12,139,140].
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Figure 3-1: Biological length scales of the cervix and uterus. The cervix is composed of a hierarchal cross-linked collagen
network with embedded smooth muscle cells (SMC) at the internal 0s[18], and the load-bearing myometrium is composed of
layers of preferentially-aligned SMC bundles[139,140].

This particular study focuses on the effect of uterine shape throughout gestation and uterine
fiber directionality on tissue stretch in the uterus and in the cervix, particularly at the internal
cervical os, which is the hypothesized site of premature cervical remodeling[141]. This is an
initial study of overall shape and materials based on preexisting datasets. The rationale behind
this study is to create simple models to tease out on specific contributions of anatomy and
material properties and analyze their effect on tissue stretch. Cervical tissue stretch is chosen as
an output parameter because cervical smooth muscle cells are known to produce enzymes and
inflammatory chemokines/cytokines that are involved in extracellular matrix (ECM) remodeling,

and also may play a role in activating or propagating uterine contractility[18]. When the cervical
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smooth muscle cells sense a mechanical stretch, they may trigger collagen remodeling and
therefore result in cervical softening. Uterine tissue stretch is chosen as an output parameter
because uterine overdistention is also believed to activate uterine activity[65].

We hypothesize that uterine shape and fiber architecture will both influence uterine and
cervical mechanics. An elongated, elliptical uterus will likely experience greater stretch in the
anterior and posterior areas as the intrauterine pressure aims to expand the uterus into a sphere,
but boundary conditions (such as the spine and abdomen) will not allow it to do so. The later
gestational timepoints also have thinner uterine walls, which will similarly increase uterine
stretch. An elliptical uterus may also increase cervical stretch, as the pressure on the anterior,
posterior, left, and right walls of the uterus push out the uterine wall and pull up on the cervical
tissue near the internal os. We hypothesize that uterine fiber architecture may influence uterine
stretch. Circumferentially oriented fibers may reduce stretch in the anterior, posterior, left, and
right directions, and increase stretch at the fundus and near the cervix.

We acknowledge that we make various engineering assumptions in this study that may
influence our results: the initial size and shape of the uterus are taken in a loaded configuration,
model geometries are simplified to Boolean shapes, intrauterine pressure is applied at the largest
magnitude of a labor contraction, and the effect gravity is ignored. We discuss the rationale
behind these limitations in Section 3.3.1.

This work was presented at the 64th Annual Meeting of the Society for Reproductive

Investigation on March 16, 2017, in Orlando, FL[142,143].
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3.1 Methods

For FE analysis, the uterus and cervix were modeled as collagenous composite materials
meshed using linear tetrahedral elements, based on material fits to passive length-tension curves
of pregnant tissue[106,144], while the FM was modeled as Ogden nonlinear material meshed
with hexahedral elements[145]. The fetal membrane was prescribed a tied contact to the inner
uterine wall and a sliding contact to the cervical internal os. To compare how uterus shape and
structure alone influence loading patterns, and to present the largest relative difference between
different models, intrauterine pressure (IUP) was applied at contraction magnitude (8.67
kPa)[12] and the magnitude of the principal tissue stretch was calculated. The extent of cervical
stretch was evaluated as a percentage of cervical internal os region (Figure 3-2) volume above a

1.05 stretch threshold.
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Figure 3-2: Finite element model created in FEBio 2.6.2, material parameters reported in [75,106] and IUP reported in [52].

3.1.1 Maternal anatomy data

Uterine diameters and wall thickness measurements were taken via x-ray time course data of
15 normal pregnant patients at four gestational timepoints: 20, 25, 30, and 35 weeks[10].
Longitudinal and transverse diameters of the uterus were assumed to be the same, and derived
from Figure 3-3. For the uterine fiber orientation analysis, the 35-week patient geometry was

used.
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Figure 3-3: Transverse diameter of the uterus taken from a sagittal view x-ray[10]. Values are plotted in centimeters and may be
greater than real life due to x-ray distortion, though the distortion remains constant across patients so the relative values are
accurate. Note that elongation diminishes after the 32" week of gestation.

The anterior-posterior diameter of the uterus was derived from the length/width ratio in Figure
3-4. The uterus rapidly elongates until the 32" week of pregnancy, and then expands more in

the anterior-posterior direction until term.
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Figure 3-4: Elongation of the human uterus[10]. Length is the greatest length of the uterus; width is the anterior-posterior
diameter. As L/W increases in value, the curve rises and the uterus elongates. Note the rapid elongation until the 32" week of
gestation.
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Uterine wall thickness at each timepoint was measured from Figure 3-5. After the 20" week of
gestation, the increase in uterine weight diminishes, and therefore the uterus begins to stretch and

the myometrial thickness decreases.
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Figure 3-5: Weight of uterus, fetus, and uterine wall thickness throughout gestation[10]. After the 20" week, uterine growth
diminishes, and the myometrium, therefore, begins to thin.

Cervical, fetal membrane, and abdominal parameters were kept constant to investigate the
influence of uterine dimensions and fiber directionality only. Cervical dimensions used in each

model were obtained from an ultrasound of one nulliparous 35-year-old patient at 25 weeks

gestation[75].
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3.1.2 CAD models of pregnancy

The maternal geometric parameters were converted into CAD geometries with a custom
computer script (Trelis Pro 15.1.3, csimsoft LLC). Geometries of the uterus, cervix, fetal
membranes, vaginal canal, and abdomen were created with Boolean addition and subtraction of
geometric primitives (Figure 2-2). Dimensions for the model at each gestational timepoint are
given in Table 3-1. For this initial model, the uterus was built by transforming two spherical
shells into ellipsoids. The interior uterus was scaled to the diameters obtained from x-ray data.
The outer shell was then scaled, translated, and rotated to accommodate uterine wall thickness in

the anterior-posterior, superior-inferior, and left-right directions.

Uterus Agg:](fr- Uterus Uterine Wall
Gestational Age Transverse . Longitudinal Thickness
Diameter [mm] . Posterior Diameter [mm] [mm]
Diameter [mm]
20 weeks 135 123 135 8.4
25 weeks 190 124 190 7.3
30 weeks 260 143 260 6.6
35 weeks 280 155 280 6.1

Table 3-1: Uterine configurations built from lateral and anteroposterior soft tissue x-rays of 15 normal patients[10].

The cervix was built by creating a cylinder representing the diameter of the inner canal and
subtracting that volume from a larger cylinder representing the outer cervical diameter and
cervical length, detailed in Section 2.1.2. The resultant hollow cylinder was then moved and
rotated according to posterior cervical offset and anterior cervical angle. The cylinder was
rounded at its corners to match the anatomical rounding of the uterocervical junction and to
replicate the roundness of the most exterior end of the cervix (i.e. external 0s). For the analyses
represented here, the posterior cervical offset was kept at 0 and the anterior uterocervical angle at

90° in order to have the uterine fibers aligned evenly about the internal os.
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For the purpose of tissue loading analysis, the cervix was then separated into three different
regions: an upper portion, a lower portion, and the internal os region (Figure 2-2). First, the
cylindrical representation of the cervix was cut by a plane normal to the external os at a fixed
distance of 15 mm from the internal 0s. Second, the top portion of the cervix was then separated
by a surface extended from a smaller cylinder with a diameter that was twice of the cervical
inner canal. Lastly, the vaginal canal was built by fitting a spline to three vertices located at the
outside edges of the external os and one vertex at the approximate location of the vaginal
introitus and the fetal membrane was generated with uniform thickness based on the contours of

the inner uterine wall.
3.1.3 Finite element mesh generation

All meshes were generated using the automatic and manual meshing tools in Trelis Pro
(v15.1.3, csimsoft LLC). The fetal membranes were meshed with hexahedral elements, while all
other volumes were meshed with tetrahedral elements. Mesh properties varied from model to
model. The baseline model mesh is given in Table 3-2 and is shown in Figure 3-6. All volumes
except the fetal membranes were meshed with linear tetrahedral elements. The fetal membranes

were meshed as a single continuous layer of linear hexahedral elements with a thickness of

0.1mm.
Total Uterus Membrane | Abdomen | Upper Cervix | Lower Cervix | Internal Os
Element Type - Tet Hex Tet Tet Tet Tet
Element Count 347,295 137,239 9,600 104,258 51,848 27,487 16,863
Average Element
- 8.04 mm3 1.80 mm3 266 mm?® 0.244 mm3 0.343 mm?® 0.128 mm?®
Volume

Table 3-2: Mesh properties for 35-week model
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The uterus and cervix were connected at the node level to one another, so their boundaries
were shared and moved congruently. Where the uterus and cervix shared a boundary with the
abdomen volume, those boundaries were also node-tied. The mesh density of the cervix was set
to the finest setting by the inherent Trelis element density function, in order to yield the most

accurate deformation results for our analysis.

Figure 3-6: Sample mesh for 35-week geometry. The fetal membrane was meshed with hexahedral elements, while all other
volumes were meshed with tetrahedral elements.

3.1.4 Material properties

The cervix and uterus materials were treated as continuously distributed fiber composites
with a compressible neo-Hookean groundsubstance. This hyperelastic solid model was
developed to describe the tension-compression nonlinearity in human[106] and mouse[107]
cervical tissue. Considering not much is known about the multi-axial material behavior of these
tissues during pregnancy, we chose to investigate the uterus and cervix at term pregnant (PG)
tissue properties.

The total Helmholtz free energy density W07 for the uterine and cervical materials were

given by
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qJTOT(F) — LIJGS(F) + qJCOL(F)
Equation 3-1

Where F is the deformation gradient. The free energy density of the ground substance W¢° is

given by a standard isotropic, compressible neo-Hookean relation

Pas =%(11 -3) —,uln]-f-%(ln])z

Equation 3-2
where I; = trC is the first invariant of the right Cauchy-Green tensor € = (F)TF and ] = detF
is the Jacobian. u and [ are the standard lamé constants. These lamé constants combine to form

(o)

the Young’s modulus and Poisson’s ratio of the ground substance E® = and

VoS = 2(1;*”) respectively. The strain energy density for the continuously distributed collagen
7

fiber network is given by

peoL - 1 j i J nH(In — D)W/ (1,) sin ¢ dpd6
i )y Jo
Equation 3-3
where the Heaviside step function H ensures fibers hold only tension, [, ¢] are the polar and
azimuthal angles in a spherical coordinate system. I,, = n, - C - n, is the square of the fiber
stretch, where n, = cos 6 sin ¢ e; + sin 6 sin ¢ e, + cos ¢ e3 in a local Cartesian basis

{e1, e;, e3}. WPe s the strain energy density of a collagen fiber bundle given by
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Equation 3-4
where & represents the collagen fiber stiffness with units of stress and £ > 2 is the dimensionless
parameter that controls the shape of the fiber bundle stiffness curve (here, the fiber strain energy

density is cast in a different form than the model presented for the human cervical tissue[82],

hence direct comparison can be made by considering the % prefactor here).

To focus this study on the model sensitivity to uterine parameters only and not on the
cervical tissue ultrastructure, groundsubstance, or time-dependent properties, we made
simplifying adjustments. Cervical material model fits were conducted on the material behavior
after the transient force relaxation response died away. In this present study, we used a randomly
distributed collagen fiber network as opposed to a preferentially-aligned collagen fiber network
as presented in [106]. Cervical material properties used in this study (Table 3-3) represent
collagen fiber parameters fit to term pregnant human uniaxial tension-compression data reported
in [106,108,109]. Uterine material properties represent a material model fit to passive, term
pregnant human uniaxial tension data reported in [110]. Fibers in both the uterus and cervix are
randomly distributed. They rotate and stretch in the direction of principal stress.

To explore the effects of modeling different fiber distributions in the uterus, we chose three
model configurations: random or spherical fiber distribution (SFD), preferentially aligned
ellipsoidal fiber distribution (EFD) in the circumferential direction, and preferentially aligned
EFD in the longitudinal direction. The preferentially aligned fiber models have fibers directed
along the local e4 direction of each element of the uterus in its reference configuration, one in

the circumferential direction around the internal os, and the other in the longitudinal direction
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from the fundus to the cervix. In the models investigating the effect of uterine size and shape, a

randomly distributed fiber network is modeled similarly to the cervical material model.

Tissue Description ESS [kPa] y6s B & [kPa]
Uterus 2 0.3 2.71 19
Cervix 0.65 0.3 2 1.71

Table 3-3: Uterine and cervical tissue variables taken from material fits to experimental data. These values are implemented in
a continuous fiber distribution material model used in FEBio 2.6.2.

The outer abdomen was treated as a soft nearly incompressible neo-Hookean material with a
modulus of 5 kPa. An incompressible Ogden material model based on equibiaxial tensile loading
of human amnion[113] was employed for the fetal membrane layer material properties (Table

3-4), where the particular form of the Ogden strain energy density, as defined in FEBio, was

given by,
3
Ci _ . ,
P = Zm—;(a;”t + AT 4 T 3),
i=1 !
Equation 3-5
Tissue Description cl[MPa] | c2[MPa] | c3[MPa] m1l m2 m3
FM 0.859 0.004 0.756 27.21 | 27.21 | -16.64

Table 3-4: Fetal membranes (FM) material properties described by an Ogden material model in Equation 4-5.
3.1.5 Boundary conditions and loading

Boundary conditions were applied as described in Figure 3-7. The abdomen was fixed in the
X, Yy, and z directions along its entire outer surface. The fetal membranes were prescribed a no-
slip, tied contact along its outer surface (cyan in Figure 3-7) to the inner surface of the uterus

(purple) and to the inner surface of the upper cervix region (green). A frictionless sliding contact
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condition was assigned between the outer surface of the fetal membranes (cyan) and the internal

os region (yellow).

[ s s e
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Figure 3-7: Boundary and loading conditions. The abdomen was fixed along its outside in X, y, and z directions (dashed lines in
figure). Uniform intrauterine pressure (IUP) was applied on the inner surface of FM. Tied contact was applied between FM
(cyan) and the uterine wall (purple) and between FM and upper cervix (green). Sliding contact was applied between FM and
cervix internal os region (yellow).

Pressure was applied to the inner surface of the fetal membranes to represent the intrauterine
pressure (IUP). Previous investigations by our group have shown that increasing IUP to
contraction magnitude allows for easier evaluation of parameter sensitivity[75]. Therefore, the

IUP in this study is applied at the value of a labor contraction (8.67 kPa)[114].

3.1.6 Finite element analysis and evaluation

FE analyses were performed in FEBIo 2.6.2 (http://www.febio.org.). Stretch data was plotted
as a function of IUP in PostView (PostView 1.10.3), FEBio’s post-processor for visualization
and analysis. These data were then imported into MATLAB (MATLAB R2014a) for further post
analysis. To describe the deformation of the cervix, the extent of cervical 1st principal right

stretch was evaluated as a percentage of the cervical internal os volume (Figure 3-7) above a
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1.05 stretch threshold. The right stretch in this context is the symmetric tensor U in the polar

decomposition of the deformation gradient F = RU.

3.1.7 Sensitivity to uterine parameters

Uterine fiber orientation was kept constant while each gestation timepoint was modeled in
order to individually assess the impact of uterine size on tissue stretch. Similarly, in order to
investigate the effect of tissue fiber orientation on stretch, uterine geometry was held constant
and fibers were randomly, circumferentially, and longitudinally distributed. Stretch magnitude

and distribution were compared at a contraction-level IUP of 8.67 kPa to illuminate patterns.

3.2 Results

3.2.1 Sensitivity to uterine size and shape

There are visible differences in the magnitude and pattern of tissue stretch at the various
gestational timepoints (Figure 3-8). According to the x-ray data, uterine diameters increase and
uterine wall thickness decrease as gestational age increases. As a result, uterine and cervical
stretch increase overall with gestation. The most drastic change in the loading pattern and
magnitude in the uterus and cervix is between 20 and 25 weeks. The volume ratio of the internal
cervical os stretch above a 1.05 threshold jumped from 8.93% to 51.1% (Figure 3-8 A&B).
After 25 weeks of gestation, as the uterus elongates the stretch pattern remains the same and the
volume percent of the cervical os loaded above 1.05 stretch slightly increases from 51.1% to
61.3% (Figure 3-8 B&D).

As the uterus elongates, uterine stretch appears throughout the entire tissue but is the largest
at the anterior and posterior lower uterine segment. This excessive stretch in the uterus also pulls

the cervix open, seen by the increasing stretch at the cervical internal os.
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Trans=135 Trans=190 Trans=260 Trans=280
A-P=123 A-P=124 A-P=143 A-P=155
Long=135 Long=190 Long=260 Long=280
t=8.4 t=7.3 t=6.6 t=6.1

Figure 3-8: Uterine and cervical stretch at IUP = 8.6kPa using reference geometries based on A) 20 weeks, B) 25 weeks, C) 30
weeks, and D) 35 weeks x-ray data[10]. Cervical loading calculated above 1.05 stretch. Trans=transverse uterine diameter, A-
P=anterior-posterior uterine diameter, Long=longitudinal uterine diameter, t=uterine wall thickness. Dimensions are in mm.
Abdomen and membranes are removed for clarity.

As shown in Figure 3-9, uterine stretch is greater at the internal surface of the uterine wall,
where the intrauterine pressure is applied in the model. The inset shows higher tissue stretch in
the lower uterine segment on the inner surface of the uterus and gradually decreases toward the

external uterine surface.

A

Figure 3-9: Uterine and cervical stretch at IUP = 8.6kPa for a A) 20 week and B) 35-week uterine geometry exposed to
contraction-magnitude intrauterine pressure. The inset zooms on the lower uterine segment to show a stretch gradient in the
uterine wall. Principal stretch is greatest at the inner uterine wall and decreases moving toward the outer wall.
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3.2.2 Sensitivity to uterine material models

Comparisons between material models are given in Figure 3-10 for the 35-week uterine
geometry. Moving from a random SFD model to a circumferentially-weighted EFD model does
not significantly change the overall magnitude or direction of uterine stretch in the lower uterine
segment. The SFD model has large stretch concentrations in the left and right sides of the uterus,
whereas the circumferential EFD model has more stretch in the posterior uterus. Moving from
the SFD model to a longitudinally-weighted EFD model does not significantly change the
resulting stretch predictions. In each material model, the cervix is pulled up radially from the
uterus at the anterior and posterior lower uterine segment, but much greater from the posterior

side.

FixBC_Circ.xplt FixBC_Long.xplt
* Principal Right stretch
Time = 0.867

FixBC_Baseline.xplt
1 Principal Right stretch
Time = 0.867

1 Frincipal Right stretch
Time = 0,867

Figure 3-10: Uterine stretch at IUP = 8.67kPa for a A) randomly oriented uterine fiber material B) preferentially-aligned fibers
in the circumferential and C) longitudinal direction. The inset zooms on the lower uterine segment to show a stretch gradient in
the uterine wall.
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3.3 Discussion

This work further develops a method to generate a patient-specific finite element model of
the uterus, cervix, fetal membrane, and surrounding anatomy derived from maternal anatomy.
We modeled a typical normal patient at four gestational timepoints: 20, 25, 30, and 35 weeks.
We also investigated a baseline model of a 35-week pregnant patient with random,
circumferential, and longitudinal fiber network distributions. With this computer model, and
basing engineering assumptions on previously published data, we assess tissue stretch at
contraction-magnitude intrauterine pressure (IUP).

Results indicated that overall uterine shape and ellipticity dominates the stress and stretch
patterns generated in the uterus and cervix. As the uterus becomes more elliptical, the overall
amount of cervical stretch increases at the internal os. This uterine shape change interestingly
happens within the gestational timeframe that the cervix softens, according to longitudinal in
vivo aspiration data[146].

Previous studies have shown the anisotropy of uterine tissue determined by collagen fiber
orientation and muscle fiber orientation[147]. Our results indicate that the randomly orientated
and preferentially-aligned ellipsoidal fiber models predict similar outcomes. The introduction of
preferred directionality does not result in a significantly lower stretch in the uterus. This aligns

with our group’s previous work modeling cervical material fiber orientation[74].
3.3.1 Limitations

Mid-gestation uterine shape measurement and mechanical testing and architecture data on the
pregnant human uterus are lacking. Hence, the methods and results here have a set of

limitations. First, as gestation progresses, the IUP increases with the growth of the baby and the
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volume of the amniotic fluid. It is unknown how this increase in IUP is coupled with geometric
changes, and how these changes may influence the mechanical environment. This applied force
in any in vivo measurement of the uterus shows its loaded configuration, instead of its reference
state. It is not possible to measure the uterine reference state at a given point in gestation
because it continues to grow and stretch simultaneously. In this study, we begin with the loaded
configuration and apply an additional load. This additional load, which is the magnitude of a
contraction, is one order of magnitude higher than gestation-matched IUP and therefore would
still cause large deformations similar to the model in vivo. Similarly, this contraction-magnitude
IUP is much larger than gravity and therefore we ignore the effects of hydrostatic pressure. Even
in the longest uterus measured in our clinical studies, the hydrostatic pressure due to gravity is
less than 2.85 kPa, and therefore the magnitude of a contraction is more than three times that. In
future studies, we will use 18 weeks as a reference state of the uterus because this is when the
fetal membranes fuse together and are completely fused with the decidua[148]. Though tissue
growth is not implemented in this model, we will use models like this to determine the areas that
experience the greatest stress, and therefore may be subject to mechanosensitive growth.

As another limitation, the material properties of the tissues evolve during pregnancy, whereas
this study assumed the tissues remained in their pregnant state. Doctor input expressed that
pregnant tissue is softer to the touch than nonpregnant tissue, and therefore it would be more
suitable to use term material properties rather than nonpregnant. Additionally, the maternal
anatomy is idealized as simple geometric shapes, where the bends and folds in the uterine wall
are neglected. These folds are difficult to capture via ultrasound, and comparisons to MRI

models will be made in the future to determine their importance.
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Our group is currently measuring uterine fiber architecture of pregnant tissue, but those
results were not implemented in this model. The current uterine material model describes the
fiber architecture as a distributed fiber network, as opposed to discrete fiber families.
Implementation of discrete fiber orientation will have a larger anisotropic effect on material

behavior. Future studies will directly inform FE models with experimental architecture data.
3.4 Conclusions

This study represents a first attempt to model the pregnant abdomen at various timepoints
during the course of gestation. Understandably, obtaining longitudinal data on pregnant humans
is difficult. Hence, we utilize an existing time-course dataset to inform our FE models of
pregnancy at gestational ages of 20 to 35 weeks. As we discovered in our previous work, various
material, anatomical, and contact factors influence the loading of the soft tissues that surround
the fetus[149,150]. We chose to analyze uterine geometries and material models. As we initially
hypothesized, increased ellipticity of the uterus and a decrease in uterine wall thickness increases
the stretch in the uterus and the cervix. Our results show that uterine ellipticity has the largest
impact on the mechanical stretch state within the uterus. In contrast to our initial hypothesis on
tissue fiber architecture, uterine fiber orientation had little impact on tissue stretch.

The results from this model allow for simplification in future studies to assume randomly
distributed collagen fibers in the uterus, as preferentially-aligned fibers do not influence tissue
stretch. In future studies, we aim to capture a reference geometry of the uterus to better model
the kinematics of the loaded configuration. Our goal is that our model will serve as a
preliminary platform for the development of SPTB diagnostic tools and procedures. In addition,

it serves as a first step in modeling the uterine tissue growth and remodeling in pregnancy.
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One major finding in the optimization of our finite element analyses is the need for
implementing local axes if we plan to include fiber directionality. In this study, we needed to
use a PCO of 0 and an AUCA of 90 in order to have the uterine fibers revolve around the internal

os. In future studies, it would be ideal to be able to rotate the uterine material axes.
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4 Ultrasound-derived finite element analysis of pregnancy:

sensitivity to fetal membrane contact and material

Previous computer modeling of the pregnant abdomen reveals that the mechanical load on
the cervix is influenced by maternal anatomical features and the material properties of the uterus,
FM, and cervix[74]. The extent to which each of these structural factors influences tissue
loading remains to be determined. This study focuses specifically on the effects of fetal
membrane mechanics on uterine and cervical tissue stretch. The fetal membranes consist of the

collagen-rich, load-bearing amnion and the cellular chorion (Figure 4-1) [34,151].

Amniotic fluid Extracellular-Matrix
IIITHOUG THAA Layer Composition
: w0 S 3 : ‘_—\ Amnion
- Epithelium
=
o .
- —— Basement Collagen types lll, IV, V; laminin,
—— - - membrane fibronectin, nidogen
. e
—— . Compact layer Collagen types |, lll, V, VI;
— — fibronectin
- - S Fibroblast layer Collagen types |, lll, VI; nidogen,
~ laminin, fibronectin
Intermediate Collagen types |, lll, V;
BV, N B {spongy) layer proteoglycans
© &5 Chorion
N Reticular Collagen types |, lll, V, V, VI;
ol > layer proteoglycans
s Basement CoIIaQen type IV; fibronectin,
membrane laminin
& Trophoblasts

Maternal decidua

Figure 4-1: Diagram of the fetal membrane layers and their respective sublayers. The amnion is the load-bearing layer closest

to the fetus, and the chorion adheres to the maternal decidua[152].
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The integrity of both layers is essential for the maintenance of pregnancy, where its compliance
is necessary to accommaodate fetal growth. Yet, membrane rupture and fracture properties are
required for normal term delivery[153]. Evidence suggests that the FM grows until the 2nd
trimester[154], then stretches over the rest of pregnancy to accommodate the enlarging amniotic
cavity. Evidence also suggests that the mechanical properties of the amnion, the load-bearing
layer, at term is highly nonlinear[145]. The material properties of the membrane, the extent to
which it is stretched at any given gestational age, and corresponding stresses, particularly over
the internal os, are still unknown.

The objective of this study is to investigate the effects of fetal membrane stiffness and
adhesion on tissue mechanics of the uterus, cervix, and fetal membranes. Anatomically, in
normal pregnancy, the outer layer of the fetal membranes is adhered fully to the uterine wall and
the upper cervix throughout gestation, and detaches at the onset of labor and begins to prolapse
into the vaginal canal. In late pregnancy, if a doctor wants to accelerate the onset of labor, they
may manually strip a patient’s membranes from the cervix and lower uterine segment in order to
release prostaglandins. We hypothesize this adhesion removal may also transfer some of the
fetal load from the membrane and uterus to the internal os. Additionally, an important note
related to adhesion that cannot be represented in our models is its impact on microbial invasion
of the amniotic cavity (MIAC). The frequency of MIAC among women with cervical
insufficiency is as high as 51%][155]. If the fetal membranes are not adhered to the inner uterine
wall, this could allow for infection to travel along the decidual lining to the placenta, which
increases the likelihood of preterm birth.

The output parameters are the volume fraction a designated internal os region above a 1.1

stretch threshold. Literature suggests that large tissue stretches can lead to tissue
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remodeling[156]. Another output parameter is membrane stress, as previous studies have
investigated the stress at which membrane rupture occurs[93]. Here we quantify the amount of
cervical stretch as a function of FM material properties using a parametric finite element model

of pregnancy[75].

4.1 Methods

4.1.1 Maternal anatomy data

Uterine diameters and wall thickness measurements were taken via x-ray data from pregnant
patients at 35 weeks gestation (Table 4-1)[10]. Longitudinal and transverse diameters of the
uterus were assumed to be the same, and derived from Figure 3-3. Anterior-posterior diameter
of the uterus was derived from the length/width ratio in Figure 3-4. The uterus rapidly elongates
until the 32" week of pregnancy, and then expands more in the anterior-posterior direction until
term. Uterine wall thickness at each timepoint was measured from Figure 3-5. After the 20"
week of gestation, the increase in uterine weight diminishes, and therefore the uterus begins to
stretch and the myometrial thickness decreases.

Cervical, uterine, and abdominal parameters were kept constant to investigate the influence
of membrane stiffness and adhesion only. Cervical dimensions used in each model were

obtained from an ultrasound of one nulliparous 35-year-old patient at 25 weeks gestation[75].

4.1.2 CAD models of pregnancy

The maternal geometric parameters were converted into CAD geometries with a custom
computer script (Trelis Pro 15.1.3, csimsoft LLC). Geometries of the uterus, cervix, fetal
membranes, vaginal canal, and abdomen were created with Boolean addition and subtraction of

geometric primitives (Figure 2-2). Dimensions for the model were taken from a 35-week
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pregnant patient given in Table 4-1. For this initial model, the uterus was built by transforming
two spherical shells into ellipsoids. The interior uterus was scaled to the diameters obtained from
x-ray time course data of 15 normal patients. The outer shell was then scaled, translated, and
rotated to accommodate differences in uterine wall thickness in the anterior-posterior, superior-

inferior, and left-right directions.

Uterus Uterus Anterior- Uterus Uterine Wall
Gestational Age Transverse Posterior Longitudinal Thickness
Diameter [mm] | Diameter [mm] | Diameter [mm] [mm]
35 weeks 280 155 280 6.1

Table 4-1: Uterine configurations built from lateral and anteroposterior soft tissue x-rays of 15 normal patients[10].

The cervix was built by creating a cylinder representing the diameter of the inner canal and
subtracting that volume from a larger cylinder representing the outer cervical diameter and
cervical length, detailed in Section 2.1.2. The resultant hollow cylinder was then moved and
rotated according to posterior cervical offset and anterior cervical angle. The cylinder was
rounded at its corners to match the anatomical rounding of the uterocervical junction and to
replicate the roundness of the most exterior end of the cervix (i.e. external 0s).

For the purpose of tissue loading analysis, the cervix was then separated into three different
regions: an upper portion, a lower portion, and the internal os region (Figure 2-2). First, the
cylindrical representation of the cervix was cut by a plane normal to the external os at a fixed
distance of 15 mm from the internal os. Second, the top portion of the cervix was then separated
by a surface extended from a smaller cylinder with a diameter that was twice of the cervical
inner canal. Lastly, the vaginal canal was built by fitting a spline to three vertices located at the

outside edges of the external os and one vertex at the approximate location of the vaginal
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introitus and the fetal membrane was generated with uniform thickness based on the contours of

the inner uterine wall.

4.1.3 Finite element mesh generation

All meshes were generated using the automatic and manual meshing tools in Trelis Pro

(v15.1.3, csimsoft LLC). The fetal membranes were meshed with hexahedral elements, while all

other volumes were meshed with tetrahedral elements. Mesh properties varied from model to

model. The baseline model mesh is given in Table 4-2, and is shown in Figure 4-2. All volumes

except the fetal membranes were meshed with linear tetrahedral elements. The fetal membranes

were meshed as a single continuous layer of linear hexahedral elements with a thickness of

0.1mm.
Total Uterus Membrane | Abdomen | Upper Cervix | Lower Cervix | Internal Os
Element Type - Tet Hex Tet Tet Tet Tet
Element Count 206,456 44,515 9,600 52,686 54,983 27,212 17,460
Average Element - 226mm?® | 2.02mm*® | 1860mm* | 0.211mm?® | 0.347mm*® | 0.135mm?

Volume

Table 4-2: Mesh properties for the baseline model

The uterus and cervix were connected at the node level to one another, so their boundaries

were shared and moved congruently. Where the uterus and cervix shared a boundary with the

abdomen volume, those boundaries were also node-tied. The mesh density of the cervix was set

to the finest setting by the inherent Trelis element density function, in order to yield the most

accurate deformation results for our analysis.
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Figure 4-2: Sample mesh for baseline geometry. The fetal membrane was meshed with hexahedral elements, while all other
volumes were meshed with tetrahedral elements.

4.1.4 Material properties

The cervix and uterus materials were treated as continuously distributed fiber composites
with a compressible neo-Hookean groundsubstance. This hyperelastic solid model was
developed to describe the tension-compression nonlinearity in human[106] and mouse[107]
cervical tissue. Considering not much is known about the multi-axial material behavior of these
tissues during pregnancy, we chose to investigate the uterus and cervix at term pregnant (PG)
tissue properties.

The total Helmholtz free energy density WT°7 for the uterine and cervical materials were

given by

l_IJTOT (F) — lIJGS (F) + l_IJCOL (F)
Equation 4-1

Where F is the deformation gradient. The free energy density of the ground substance W¢° is

given by a standard isotropic, compressible neo-Hookean relation
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Pas =%(11 -3) —,uln]-f-%(ln])z

Equation 4-2

where I; = trC is the first invariant of the right Cauchy-Green tensor € = (F)TF and ] = det F

is the Jacobian. u and [ are the standard lamé constants. These lamé constants combine to form

3424
the Young’s modulus and Poisson’s ratio of the ground substance E%S = % and
A
65 = 1 __ respectively. The strain energy density for the continuously distributed collagen

Vo= 2(1+4)

fiber network is given by

1 2w ~pi .
peoL — j f H(I, — DW/™e"(1,) sin ¢ dpdo
i )y Jo
Equation 4-3
where the Heaviside step function H ensures fibers hold only tension, [, ¢] are the polar and
azimuthal angles in a spherical coordinate system. I,, = n, - C - n, is the square of the fiber
stretch, where n, = cos 6 sin ¢ e; + sin 6 sin ¢ e, + cos ¢ e3 in a local Cartesian basis

{e1, e5, e3}. WPer s the strain energy density of a collagen fiber bundle given by

per €
fiber _ 2 _ 4
Y 3 I,—-1)

Equation 4-4

where ¢ represents the collagen fiber stiffness with units of stress and 8 > 2 is the dimensionless

parameter that controls the shape of the fiber bundle stiffness curve (here, the fiber strain energy
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density is cast in a different form than the model presented for the human cervical tissue[82],

hence direct comparison can be made by considering the % prefactor here).

To focus this study on the model sensitivity to membrane stiffness and adhesion parameters
and not on the cervical or uterine collagen ultrastructure, groundsubstance, or time-dependent
properties, we made simplifying adjustments. Both material model fits were conducted on the
material behavior after the transient force relaxation response died away. In this present study,
we used a randomly distributed collagen fiber network as opposed to a preferentially-aligned
collagen fiber network as presented in [106]. Cervical material properties used in this study
(Table 4-3) represent collagen fiber parameters fit to the nonpregnant and term pregnant human
uniaxial tension-compression data reported in [106,108,109], with the ground substance material
properties kept constant. Uterine material properties represent a material model fit to passive,
nonpregnant and term pregnant human uniaxial tension data reported in [110]. Fibers in both the
uterus and cervix are randomly distributed. They rotate and stretch in the direction of principal
stress. Previous work compared the difference between preferential and randomly distributed
fiber directionality in an initial finite element model of pregnancy and found a negligible
difference between the two scenarios[74]. The outer abdomen was treated as a soft nearly

incompressible neo-Hookean material with a modulus of 5 kPa.

Tissue Description ESS [kPa] V@S B & [kPa]
Uterus 2 0.3 2.71 19
Cervix 0.65 0.3 2 1.71

Table 4-3: Uterine and cervical tissue variables taken from material fits to experimental data. These values are implemented in
a continuous fiber distribution material model used in FEBio 2.6.2.

An incompressible Ogden material model based on equibiaxial tensile loading of human

amnion[113] was employed for the fetal membrane layer material properties. Considering we do
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not know material properties for the amnion at 25 weeks, we chose to investigate the influence of
increased membrane stiffness at 5- and 10-times measured term properties (Table 4-4). The

particular form of the Ogden strain energy density, as defined in FEBIio, was given by

3

C; . . .
PP = LA+ T+ 2T - 3)

i=1 *
Equation 4-5
Tissue Description cl[MPa] | c2[MPa] | c3[MPa] m1l m2 m3
FM - baseline 0.859 0.004 0.756 27.21 | 27.21 | -16.64
FM — 5x stiffness 4.294 0.018 3.782 27.21 | 27.21 | -16.64
FM — 10x stiffness 8.587 0.0368 7.564 27.21 | 27.21 | -16.64

Table 4-4: Fetal membranes (FM) material properties described by an Ogden material model in Equation 4-5.
4.1.5 Boundary conditions and loading

Boundary conditions were applied as described in Figure 4-3. The abdomen was fixed in the
X, Y, and z directions on only the side that represents the patient’s posterior, to allow the anterior
“stomach” to grow along with the expanding uterus, as expected in vivo. In the baseline model,
the fetal membranes were prescribed a no-slip, tied contact along its outer surface (cyan in
Figure 4-3) to the inner surface of the uterus (purple) and to the inner surface of the upper cervix
region (green). A frictionless sliding contact condition was assigned between the outer surface of

the fetal membranes (cyan) and the internal os region (yellow).
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Tied Sliding

Figure 4-3: Boundary and loading conditions. The posterior side of the abdomen was fixed in x, y, and z directions (dashed lines
in figure). Uniform intrauterine pressure (IUP) was applied on the inner surface of FM. Tied contact was applied between FM
(cyan) and the uterine wall (purple) and between FM and upper cervix (green). Sliding contact was applied between FM and
cervix internal os region (yellow).

Pressure was applied to the inner surface of the fetal membranes to represent the intrauterine
pressure (IUP). Previous investigations by our group have shown that increasing IUP to
contraction magnitude allows for easier evaluation of parameter sensitivity[75]. Therefore, the

IUP in this study is applied to the value of a labor contraction (8.67 kPa)[114].
4.1.6 Finite element analysis and evaluation

FE analyses were performed in FEBIo 2.6.2 (http://www.febio.org.). Stress and stretch data
were plotted as a function of IUP in PostView (PostView 1.10.3), FEBio’s post-processor for
visualization and analysis. These data were then imported into MATLAB (MATLAB R2014a)
for further post analysis. To describe the deformation of the cervix, the extent of cervical 1st
principal right stretch was evaluated as a percentage of the cervical internal os volume (Figure
4-3) above a 1.1 stretch threshold. The right stretch in this context is the symmetric tensor U in

the polar decomposition of the deformation gradient F = RU.
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4.1.7 Sensitivity to membrane parameters

After the evaluation of the baseline model, membrane stiffness and adhesion to the uterine
wall were scaled individually in order to assess each variable’s impact on cervical internal os
stretch. As the experimental values for fetal membrane stiffness were measured at term, we
increased the stiffness by 5 and 10 times under the assumption that the membranes are stiffer at
earlier timepoints in gestation, or may be stiffened by an inflammatory response in high-risk
patients[157]. The membrane adhesion was varied from fully adhered to the uterine wall and top
of the cervix, to fully detached and allowed to slide freely along the inner uterine wall. Stretch
magnitude and distribution were compared at a contraction-level IUP of 8.67 kPa to illuminate

patterns.

4.2 Results

4.2.1 Sensitivity to membrane adhesion

Removing adhesion of the fetal membranes to the uterine wall results in greater cervical
stress at the internal os, and the uterine stress is moved anteriorly and inferiorly toward the lower
uterine segment and cervix (Figure 4-4). When the membrane fully adheres to the uterine wall,
the majority of uterine stress is at the middle level of the uterus and the lower uterine segment is
loaded much less. In each scenario, there is greater stress at the inner uterine wall where the

membrane is in contact with the uterus.
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Figure 4-4: Fetal membranes losing adherence results in increased cervical stress, and moves uterine stress anteriorly. Models
show 1% principal stress in the uterus and cervix. The membrane is removed for clarity.

Lack of fetal membrane adhesion also results in greater cervical stretch at the internal os. A
fully detached membrane results in a 134% increase in the volume fraction of tissue over 1.20
stretch from the fully adhered scenario (Figure 4-5). Uterine stretch undergoes the same pattern
as uterine stress as seen previously. When the membrane fully adheres, the uterine stretch occurs

mostly at the mid-uterus in all directions. Once the membrane adhesion is removed, the stretch
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in the uterus moves anteriorly and toward the lower uterine segment.
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Figure 4-5: Fetal membranes losing adherence results in an increased cervical stretch, and moves uterine stretch anteriorly.
Models show 1% principal stretch in the uterus and cervix. The membrane is removed for clarity. Percentages show the volume
fraction of the cervical internal os region above a 1.2 stretch threshold.

Similarly, both 2" and 3" principal stretches increase at the internal os as the membrane

loses adhesion (Figure 4-6).
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Figure 4-6: 2" (left) and 3 (right) principal stretches in uterine and cervical tissue in the case of a fully-adhered membrane
(top) and full-detached membrane (bottom).

Unlike tissue stretch, fetal membrane adhesion does not affect membrane stress, which is
largest at the umbilical level of the membrane and decreases at the superior and inferior ends of

the membrane.
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Figure 4-7: Fetal membrane adhesion does not affect membrane stress. Models show 1% principal stress in the fetal membranes.

Uterus and cervix are removed for clarity.
4.2.2 Sensitivity to membrane stiffness

An increase in fetal membrane stiffness results in a decrease in tissue stress in both the uterus
and the cervix. The uterus sees larger stress than the cervix because it is stiffer than the cervix
(Figure 4-8). In all scenarios, there is a band of stress in the uterus around the edge of the cervix
that occurs due to a jump in material properties. The pattern of uterine and cervical stretch is the

same under all membrane stiffness scenarios, but the magnitude decreases as membrane stiffness

increases.
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Figure 4-8: Stiffer fetal membranes result in reduced cervical and uterine stress. Models show 1% principal stress in the uterus
and cervix. The membrane is removed for clarity.
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An increase in membrane stiffness also results in reduced uterine and cervical tensile stretch

(Figure 4-9). The baseline membrane material model with term pregnant material properties
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results in 27.9% of the internal os region above a 1.1 stretch threshold. Increasing the stiffness
of the membrane fibers by 5 times reduces the volume fraction to 0.2%, and increases the
stiffness by 10 times reduces the volume fraction to zero. Yet again, the pattern of stretch in the
uterus and cervix remain the same with varying fetal membrane stiffness, but the magnitude of

stretch decreases with increased membrane stiffness.

Posterior Posterior Posterior

Anterior
0.2%

Anterior Anterior

27.9% 0%

1
Figure 4-9: Stiffer fetal membranes result in reduced cervical and uterine stretch. Models show 1% principal stretch in the uterus
and cervix. The membrane is removed for clarity. Percentages show the volume fraction of the cervical internal os region above
a 1.1 stretch threshold.

Similarly, both 2" and 3™ principal stretches decrease as membrane stiffness increases

(Figure 4-10).
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Figure 4-10: 2™ (left) and 3" (right) principal right stretches in the uterus and cervix as the membrane is adjusted from baseline
stiffness (top) to 5x (middle) and 10x (bottom) stiffness.
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As membrane stiffness increases, we also see a reduction in membrane stress (Figure 4-11).
The pattern, however, is consistent as the umbilical level membrane experiences the most stress,

and the superior and inferior ends experience the lowest magnitude of stress.

Baseline FM Stiffness 5x FM Stiffness 10x FM Stiffness
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Figure 4-11: Stiffer fetal membranes result in reduced membrane stress. Models show 1% principal stress in the fetal
membranes. The uterus and cervix are removed for clarity.
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4.3 Discussion

This work furthers development in a method to generate a patient-specific finite element
model of the uterus, cervix, fetal membrane, and surrounding anatomy derived from maternal
anatomy, and evaluates the importance of fetal membrane stiffness and adhesion in pregnancy.
We modeled a normal pregnant patient at 35 weeks gestation, keeping uterine and cervical
parameters constant while we individually varied fetal membrane stiffness and adhesion to the
uterine wall. With this computer model, and basing engineering assumptions on previously
published data, we assess tissue stretch at contraction-magnitude intrauterine pressure (IUP).

Results indicated that increased fetal membrane adhesion results in reduced stretch to the
cervix and uterus. Membrane stress is unaffected my membrane adhesion. Evidence from the
literature suggests that increased loading and stretch in cervical tissue controls the cervical

material modeling processes[122—124]. This implies that excessive stretch at the internal os may
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trigger tissue remodeling and possibly lead to preterm birth. Therefore, it is ideal that
membranes remain adhered to the uterine wall for the duration of pregnancy until term. These
results confirm the clinical practices of fetal fibronectin testing and membrane stripping. Fetal
fibronectin is a glycoprotein whose purpose remains poorly understood, though it is
hypothesized that it may be a glue-like substance that bonds the chorion to the decidua[97]. If a
patient is believed to be at risk for preterm birth, clinicians may test for the presence of fetal
fibronectin secretions in the patient’s vaginal canal. If a patient has a positive result between
weeks 22 and 34, they are at increased risk of preterm birth within seven days. In contrast, when
a patient has reached term and a doctor wants to induce labor, they will insert their finger into the
cervix and strip the membranes from the uterine wall, with the belief that it will speed up the
labor process. This is supported by model results that show removing membrane adhesion
increases cervical tissue stretch.

Additionally, evidence shows increased uterine stretch, or uterine overdistention, can also
lead to premature uterine contractions and preterm labor[65]. Because the removal of membrane
adhesion increases uterine stretch, membrane detachment may contribute to preterm
contractions.

Increased membrane stiffness also reduced both cervical and uterine stretch, and therefore
may be beneficial in pregnancy. The stiffer membrane models also reduced membrane stress,
which may reduce the likelihood of premature preterm rupture of membranes (PPROM). Yet, in
our models, all membranes surpass the experimentally measured rupture tension in fetal
membranes of 295.08 kPa[93]. It may be possible that a stiffer membrane becomes brittle and
therefore more likely to rupture, but this it also prevents large deformations from the same

intrauterine pressure.
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The results in this work confirm previous studies by our group that show load-sharing

occurs between the fetal membrane, cervix, and uterus throughout pregnancy[74,92].
4.3.1 Limitations

It is extremely difficult to determine the mid-gestation mechanical properties of the fetal
membranes. Hence, this study used experimentally-derived term pregnant amnion material
properties and increased stiffness under the assumption that the membrane may remodel and
soften near term[157].

While the membranes adhere to the uterine wall in vivo, there may be various modes of
detachment that do not involve the entire membrane being either fully adhered or fully detached
from the uterine wall. Our group is currently working on implementing a contact algorithm that
will detach the membrane at individual elements as a threshold of shear force is reached[158]. In
order to have this represent the physiological detachment of the membrane, our group is also
experimentally measuring the force required to separate the fetal membranes from the uterine
wall using shear testing. In vivo, there may also be a separation between the chorion and amnion
layers, which we have not yet implemented in this model. Additionally, we are unable to model
the impact that fetal membrane detachment will have on the ability to transmit infection
throughout the amniotic cavity. This infection potential will likely strengthen our finding that

fetal membrane adhesion is ideal for a healthy pregnancy.
4.4 Conclusions

This study represents a primary attempt to model the pregnant abdomen throughout the
course of gestation, investigating the contribution of the fetal membrane sharing the load of the

fetus with the uterus and cervix. Obtaining longitudinal data on pregnant humans is difficult.
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Hence, we utilize previous x-ray and experimental data to inform our FE models of pregnancy at
the gestational age of 35 weeks. As we discovered in our previous work[74,92], various material,
anatomical, and contact factors influence the loading of the soft tissues that surround the fetus.
The membrane taking on some of the intrauterine load may be protective for the uterus and the
cervix. Hence, a stiff and fully-adhered membrane may be ideal to prolong gestation, though
there are limitations to that. If the membrane is too stiff, it may reach its rupture point before
term, resulting in premature preterm rupture of membranes. This indicates that there is a delicate
balance between the fetal membrane and uterus load sharing that must be understood in

subsequent studies.
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5 Optimization of finite element analysis inputs

One purpose of creating simplified parametric models of anatomy is to continually improve
towards more accurate representations of pregnancy and to verify any engineering assumptions
that are made. This chapter describes some quick investigations on model boundary conditions,

materials, and meshing in order to improve future iterations.

5.1 Physiological Boundary Conditions

5.1.1 Rationale and methods

The uterus is spherical until the 20" week of gestation and then elongates into an ellipsoidal
shape for the remainder of the pregnancy[10]. However, as we apply uniform intrauterine
pressure to the inner membrane in our finite element analyses, a globular uterus will continue to
grow spherically. To discover potential reasons why the uterus does not continue to grow as a
sphere throughout the entire pregnancy, we interviewed multiple clinicians at Columbia
University Irving Medical Center, Tufts Medical Center, and at Intermountain Healthcare.

All of the clinicians we spoke to agreed that the uterus elongates due to abdominal boundary
conditions. While the inner abdominal organs are soft and compressible, the uterus and growing
fetus are the dominant force within the abdominal cavity. The conical shape of the pelvic bones
is likely what influences the uterus to begin to grow upward and out of the pelvis in early
pregnancy. While the uterus may start to grow spherically, the spine applies pressure on it

posteriorly as it continues to grow, resulting in more elongation (Figure 5-1). The curvature of
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the spine is likely what leads to the uterus being kidney bean-shaped.

Sacroiliac joint
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Figure 5-1: Orientation of a pregnant uterus within the abdomen, and its reference to bones such as the spine and pubic bones.
[159]

While the spine applies pressure from the back, there must be another boundary at the anterior
side of the uterus preventing it from extending the stomach outward. Many clinicians agree the
abdominal muscles and stomach fascia are strong enough to resist the outward growth of the
uterus. One clinician noted that patients who have received abdominoplasty show less outward
growth in the uterus. For these reasons, we have chosen to add in the curvature of the spine into
our full-anatomy models, and fix the abdomen on its external surface in every direction in all
future models. We also developed a model with an abdominal cavity that is fixed to allow the
uterus to stretch upward from its spherical reference configuration to its elliptical deformed

figuration. This method is described in detail in Section 6.1.1.
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5.1.2 Results

Our results show the use of a stationary abdominal cavity to influence uterine kinematics to
deform from a spherical reference configuration at 16 weeks to an elliptical deformed

configuration at 24 weeks (Figure 5-2).

Spherical Elliptical
16 weeks 24 weeks

Figure 5-2: Uterus deformation from a spherical reference configuration at 16 weeks to an elliptical deformed configuration at
24 weeks.

More on the kinematics of this model is shown in Section 0.

5.1.3 Conclusions

Based on clinical input, we will include curvature of the spine and a fixed abdominal cavity
in future iterations of the model where we intend to show uterine growth and stretch throughout
gestation. These boundary conditions will allow for the uterus to elongate into an elliptical shape

from a spherical reference configuration.
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5.2 Fetal membranes material model

5.2.1 Rationale and methods

The fetal membranes are able to stretch and bend throughout pregnancy. In patients with a
funneled cervix, the membranes often slip into the cervical funnel to completely touch the inner
surface of the cervical canal. We observed that using an Ogden material in our finite element
analysis did not allow for fetal membrane funneling into the internal os of the cervix. Therefore,
our goal was to develop a material model for the amnion which captured the low bending
stiffness of the membranes in vivo by utilizing a transversely isotropic fiber-based model.

Transversely isotropic materials are special orthotropic materials that have one axis of
symmetry. They have a single material direction and whose response in the plane orthogonal to
this direction is isotropic. Biological membranes often have bundles of fibers that present a
preferred direction and the presence of these fibers generally results in a stiffer response in their
preferred direction, also identified as transverse isotropic behavior[71,160,161]. Like most
biological membranes, the fetal membrane is transversely isotropic as the properties in the plane
of the membrane are different than those in the perpendicular direction. When the membrane is
pulled or stretched in its plane of symmetry, the material is stiff. However, it is very soft in other
directions as it can bend easily. The Ogden material will correctly account for this mismatch in
directional stiffness in the event that the membrane is very thin. However, due to computational
difficulties and FEBIo not consisting of shell elements, we cannot model the membrane as
extremely thin. Therefore, the Ogden material lacks the ability to capture the bending behavior

of the fetal membrane and thus we chose to use a transversely isotropic material model instead.
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The material model here has a Neo-Hookean ground substance and randomly distributed fibers.
More detail is given on the material in Section 6.2.1.5.

We utilized the experimental dataset from uniaxial tension tests on amnion to inform the
material parameter optimization[113]. We informed the model with a fiber-based material and
the material parameter values [Egs, v¢s, @, S, and &] were fit to the experimental data. The
optimization was used with fminsearchbnd routine in MATLAB (R2014b) available on the

MathWorks File Exchange,

Equation 5-1

where the primed variables are the FEA model prediction. The model was validated by
comparing the FEA prediction to the experimental data of stress and strain in the length and
width direction. The model fit to stress-strain data is shown in Figure 5-3 and fit to extension-

compression data is shown in Figure 5-4.
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Stress-Stretch Fit for Amnion Material
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Figure 5-3: Stress-strain material fit results of fiber-based material for fetal membranes compared to experimental data[36].

Contraction-Elongation Fit for Amnion Material
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Figure 5-4: Extension-compression material fit results of fiber-based material model of fetal membranes fit to experimental
data[36].

Optimized material parameters are shown in Table 5-1.
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Tissue Description EGS [kPa] V@S a B &

Fetal membranes 1.21 0.38 0.28 3.33 2.22

Table 5-1: Material parameters of the fetal membranes fit to experimental data.

We conducted a sensitivity study on the new material by implementing it and the Ogden
material in the same model configuration with the same boundary conditions and loading
scenarios and then comparing results. In each model, an intrauterine pressure of 1 kPa was
applied, and a rigid sphere was prescribed a displacement of 1mm into the cervix in order to

attempt to create funneling.
5.2.2 Results

Results show that there is much larger deformation in the fiber-based model than in the
Ogden model (Figure 5-5). At the beginning of the simulation, the Ogden membrane lifts up
from the uterine surface when it is pushed into the cervical canal, and the fiber-based model

remains in contact with the uterine wall through the entire simulation duration.

Ogden Fiber-Based

Figure 5-5: Comparison in the deformation between Ogden and fiber-based membrane material models
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The fiber-based model is able to bend into the internal os, and cervical funneling occurs, whereas
the Ogden model does not bend. There is an increased stretch at the internal os when the fiber-
based membrane is implemented (Figure 5-6).

Ogden Fiber-Based

1 Principal Lagrange strain o= 1 Principal Lagrange strain 0.2

Time =1 .55 Time =1 018
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0.14 == 0.14 =
0.12 012 —
0.1 .
0.08 = 0.08 —

0.06 0.06

0.04 0.04

0.02 0.02

0 0
Figure 5-6: Comparison of uterine and cervical stretch between Ogden and fiber-based membrane material models
5.2.3 Conclusions

The fiber-based membrane shows greater deformation at the cervix internal os and allows for
funneling in our analyses. Due to the computational necessity of modeling the membrane as
thick as 1mm, an Ogden material was not able to accurately represent the bending behavior of
the fetal membranes. As the membranes have a low bending stiffness in vivo, we will implement
the fiber-based transversely isotropic model in future iterations of our analyses, which will allow

for the membrane to remain stiff in-plane, and softly bend in its other directions.
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5.3 Order of finite element mesh shape functions

5.3.1 Rationale and methods

Finite element meshes can be created with various element types and shape functions. In our
models, we use both hexahedral (top row in Figure 5-7) and tetrahedral (bottom row in Figure
5-7) elements. Elements will have a number of nodes depending on their shape function. Higher
order shape functions have more nodes. For example, quadratic shape function elements (right
in Figure 5-7) will have nodes at the midpoint of each edge in addition to each vertex, while
linear elements (left in Figure 5-7) only have nodes at the vertices. Linear hex elements have 8
nodes, while quadratic hex elements have 20. Linear tet elements have 4 nodes, while quadratic

tet elements have 10.

¥
v

8-node 20-node

4-node ] 10-node

Figure 5-7: Linear (left) and quadratic (right) shape function elements. The top row is hexahedral elements and the bottom row
is tetrahedral elements[162].

For many structural analyses, linear elements with no midside nodes will provide sufficient

results in an acceptable amount of time. However, it is often recommended that quadratic
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elements are used instead in bending problems and in analyses of soft materials undergoing large
deformations, in order to avoid shear locking.

Because the tissues in pregnancy are very soft and our goal in some simulations is to have the
fetal membrane bend into the cervical canal, we chose to investigate the effect of quadratic vs.
linear elements in our finite element models. A linear mesh was created in Trelis and imported
into FEBIo to convert into a quadratic mesh. All other model parameters were kept the same in
order to investigate the effect of the order of shape functions on model outcome parameters. The
outcome parameters in this study are the mean, median, and 95™ percentile of 1% principal strain

in the cervix.

5.3.2 Results

Results show that there is not a large difference between overall tissue stretch in the cervix
between linear and quadratic mesh elements (Figure 5-8). Quadratic elements see slightly more
deformation, with only a 1.1% increase in mean strain. This can lead to the conclusion that it is

likely acceptable to use linear elements for our analysis.
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Figure 5-8: Mean, median, and 95" percentile 1% principal cervical strain in finite element analyses with linear (left) and
quadratic (right) element shape functions.

However, when comparing the visualizations of tissue stretch in the linear and quadratic
elements, it seems that the quadratic mesh may undergo slightly more stretch at the top of the
cervix. Because this is our area of interest and we would like to guarantee the best accuracy in
our models, we will choose to investigate future models using a quadratic mesh shape function

instead of linear.

5.3.3 Conclusions

Beginning with studies of our high-risk patient cohort (Section 6.2), we will implement
quadratic shape function mesh elements in our finite element analyses. We believe these are
more accurate in capturing the large deformations at the top of the cervix, and therefore provide

the best analyses for our outcome variable of interest. Linear elements should be sufficient for

108




comparative sensitivity studies, especially when deformation is small and total tissue strain is

less than 50%.
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6 Longitudinal clinical studies of pregnancy: subject-

specific geometry, material, and finite element analysis

Longitudinally measured biomarkers are useful to predict the risk of clinical outcomes such
as preterm birth. Subject-specific timecourse markers are especially useful for determining
critical windows and discovering etiology of outcomes. This is especially true in pregnancy, as

patient anatomies vary greatly at a given gestational timepoint (Figure 6-1).
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Figure 6-1: Fourteen Solid Models. Each row shows two, matched models—one model from the second trimester and one from
the third trimester. The models are matched by the distance of the conjugate diameter of the pelvic bone. The first two columns
demonstrate cervical length. The middle two columns show an anterior view and the cervix is transparent. The last two columns
show a posterior view. In all models, the volume of the amniotic cavity below the diagonal conjugate is larger in the third
trimester compared to the second trimester. In addition, the transition from the cervix to the uterus is wider in the third trimester
compared to the second trimester (compare (c) vs. (d), (g) vs. (h), (i) vs. (§), (k) vs. (m)). Model (n) shows a cervix that is
completely effaced at 31 weeks. This patient delivered at 33 weeks. Dimensions are in millimeters[77].

/‘90’

XBLA

S| /‘\ﬁ

¥
4

a

/. 20

e
Ker/

|‘
)
A\

22 wks 31 wks

2 :
Pl

(n)

ﬁLﬁ

110



Currently, little is understood about the anatomical changes and mechanics of the maternal
anatomy throughout pregnancy. In the following studies, we aim to close that gap by
sonographically quantifying the growth and shape change of the uterus and cervix longitudinally
throughout gestation in both low- and high-risk patient cohorts. Our objective is to compare the
anatomies of the two cohorts to determine which dimensions and parameters should be
investigated further as potential clinical biomarkers of preterm birth. The low-risk cohort
consists of patients with a cervix longer than 20mm, with no prior history of preterm birth, and
with no health complications related to preterm birth. The high-risk cohort includes patients
with a short cervix shorter than 20mm but with no history of preterm birth. In the high-risk
cohort, patients are randomized to receive progesterone only as a preventative treatment or to
receive progesterone and a cervical pessary.

In both cohorts, we will report maternal anatomy throughout gestation and in the high-risk
cohort, we will report cervical aspiration, an index of cervical stiffness, with gestation. We
hypothesize that there is shared importance in maternal anatomy and patient-specific material
properties that affect the mechanics of the soft tissues throughout pregnancy.

Results showed that the strain patterns in the uterus are very different amongst patients, even
in a low-risk cohort. In a normal pregnancy, the uterus likely adds mass to grow at these points
of high strain. In patients with a short cervix, cervical stiffness is an important factor in
determining birthing outcome. Patients with a soft and short cervix are more likely to deliver
sooner than those with a stiff cervix.

Findings also showed that cervical shortening may be preceded by thinning and compression

of the lower uterine segment, as we saw patients with a short cervix had thinner lower uterine
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segments than those with a normal cervix. In these patients with short cervices, the pessary did
not lengthen the cervix long-term or make permanent changes to cervical position. These
findings lead to observations about the location of pessary placement and the importance of

patient anatomy in the effectiveness of the device.
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6.1 Low-risk cohort

There are many hypothesized risk factors that lead to the multiple etiologies of preterm birth.
And because the final passageway of preterm birth is cervical dilation, a lot of research focuses
on the dilemma of cervical insufficiency. While this is certainly important, our group also wants
to look at the uterus, or the organ that surrounds the fetus throughout pregnancy. The uterine
tissue needs to grow exponentially in order to accommodate the growing fetus and amniotic sac.
Throughout gestation, uterine weight increases by 15 times while the capacity can increase more
than 500 times. And yet the best longitudinal data we can find is from x-rays of pregnancy
patients taken in 1950[10]. In order to better understand the geometric changes throughout
pregnancy, we captured maternal ultrasound anatomy from 30 patients, each at 4 gestational
timepoints. This anatomical data is a first step in understanding uterine kinematics and
mechanics in pregnancy. We see from our own preliminary data that the uterus also does not
grow uniformly in size. Instead, it grows at different rates in different directions and stretches

out depending on maternal boundary conditions (Figure 6-2).
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Figure 6-2: What kinematics does the uterus experience from 16 to 24 weeks? Geometric drawings of the uterus from one low-
risk patient at 16w2d and 24w2d gestation.
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Our goal is to characterize uterine tissue growth and stretch throughout gestation using
patient-specific ultrasound data and finite element analysis. We want to understand the
kinematics of the uterus as pregnancy progresses, and identify areas where we may need to
incorporate growth in future iterations of our model. We hypothesize that the uterus will have
patterns in strain and each patient will have similar kinematics of the uterine tissue as gestation

progresses from 16 to 24 weeks.
6.1.1 Methods

6.1.1.1 Patient recruitment

Deidentified B-mode ultrasound images were obtained from 30 female patients 18-45 years
old with a singleton pregnancy. All subjects were recruited from the low-risk Ob/Gyn and
Certified Nurse Midwife clinics at Intermountain Medical center and provided written, informed
consent as part of the Biomarkers Of Uterine aNd Cervical ChangeE (BOUNCE) study. This
study was performed in collaboration with Helen Feltovich, Timothy Hall, and the rest of their
team at Intermountain. These patients included 21 multiparous and 9 nulliparous. Exclusion
criteria included a history of preterm delivery, cesarean delivery, cervical surgery (LEEP,
trachelectomy, conization), collagen vascular disease, known uterine malformation, premature
rupture of membranes, morbidly adherent placenta, placenta previa, placental abruption,
chorioamnionitis, or preterm delivery. The following clinical data were obtained for each
patient: age, height, weight, medical history, surgical history, gravidity, parity, previous
obstetrical history, and birthing outcome. Patients in this study are identified by UTAHxXX,

where XX is the patient ID number.
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6.1.1.2 Data acquisition

Each subject underwent an ultrasound exam at four different gestational timepoints: 8-13
weeks, 15-17 weeks, 22-25 weeks, and 32-35 weeks. Six B-mode ultrasound images of the
uterus and cervix were obtained to measure maternal anatomical dimensions during each visit —
three with the patient in the supine orientation, and three with her standing. The three images
included a transabdominal sagittal view of the uterus and cervix, a transabdominal axial view of
the uterus, and a transvaginal view of the cervix and lower uterine segment. All designated
research sonographers were certified for transvaginal exams through the Perinatal Quality
Foundation’s Cervical Length Education and Review (CLEAR) program[163]. Transabdominal
measurements followed the protocol described by Saul et al. In the initial publication of
transabdominal cervical length measurement, upon which subsequent studies and US cervical
length screening recommendations have been based[164].

Transabdominal images were acquired using the SieScape panoramic imaging feature on the
Siemens S3000 ultrasound system, which automatically registered adjacent images together as
the probe was swept across the abdomen. In the sagittal view transabdominal scan, dimensions
measured were uterus longitudinal diameter (UD1), uterus anterior radius (UD2), uterus
posterior radius (UD3), the perpendicular offset of the cervical internal os from the uterus
longitudinal diameter (PCO), uterine wall thickness at the fundus (UT1), and uterine wall
thickness at the anterior uterine wall (UT2) (Figure 6-3:A-C). In the transverse view, dimensions
measured were transverse uterine diameter (UD4) and uterine wall thickness at either the left or
right wall (UT3) (Figure 6-3:D-E). Measurements were also taken via sagittal transvaginal
imaging such as uterine wall thickness at the lower uterine segment (UT4), cervical length (CL),

cervical outer diameter (CD1), cervical canal diameter (CD2), and the anterior uterocervical
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angle (AUCA) were measured (Figure 6-3:F). All measurements were made on deidentified

images after each exam using Fiji[165].
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Figure 6-3: Maternal anatomy dimensions taken via sagittal transabdominal (A-C), transverse transabdominal (D-E), and
sagittal transvaginal ultrasound(F).

6.1.1.3 3D CAD models of the maternal anatomy and uterine cavity

The maternal geometric parameters of 5 patients in their second and third clinical visits were
converted into CAD geometries with a custom computer script (Trelis Pro 15.1.3, csimsoft
LLC). The geometry of the second visit was used as the reference configuration for the uterus
and cervix, as this is when the gestational tissue becomes fully adhered to the uterine wall and
the tissue begins to stretch[51]. Geometries of the uterus, cervix, vaginal canal, abdomen, and
abdominal cavity of the deformed configuration of the uterus were created with Boolean addition

and subtraction of geometric primitives (Figure 6-4).
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Figure 6-4: Geometries of the uterus, cervix, vaginal canal, abdomen, and abdominal cavity of deformed configuration of the
uterus.

The uterus was built by transforming two spherical shells into ellipsoids. The interior uterus
was scaled to the diameters obtained from the ultrasound data. The outer shell was then scaled,
translated, and rotated to accommaodate uterine wall thickness in the anterior-posterior, superior-
inferior, and left-right directions. A third-visit deformed uterine geometry was built in the same
manner but was then subtracted from the outer abdomen volume. This allowed for the creation
of a cavity that the reference size of the uterus could grow into in order to determine the
kinematics of the uterus as the shape and size change throughout gestation. Each patient’s

uterine dimensions are shown below in Table 6-1.
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Patient

Ant-
Long. ost L/R Fundus | Ant. L/R LUS
Confi Diam. g’iam diam | wallt | wallt | wallt | wallt
9 (UD1) (UD4) | (UT1) | (UT2) | (UT3) | (UT4)

(UD23)
[mm] [mm] [mm] [mm] [mm] [mm]

[mm]
UTAHXxO01 | Reference | 107.22 | 91.53 | 90.01 6.56 5.52 6.81 5.86
UTAHxO01 | Deformed | 171.48 | 108.57 | 168.01 | 7.56 8.39 9.6 4.44
UTAHX02 | Reference | 96.73 | 76.09 | 98.08 8.18 4.66 7.43 8.85
UTAHx02 | Deformed | 15158 | 108.84 | 134.18 | 6.02 411 | 11.98 | 13.19
UTAHX03 | Reference | 136,57 | 62.86 | 110.76 | 12.30 9.91 14.45 7.66
UTAHxO03 | Deformed | 200.12 | 107.28 | 163.23 | 8.14 6.47 | 1127 | 7.66
UTAHx04 | Reference | 13091 | 85.67 | 107.14 | 4.13 3.99 4.71 7.60
UTAHX04 | Deformed | 22823 | 115.17 | 202.17 | 5.33 4.23 5.5 4.67
UTAHXO05 | Reference | 124.72 | 92.93 | 99.14 6.37 5.34 8.27 6.17
UTAHX05 | Deformed | 188.60 | 114.53 | 163.23 | 6.49 7.34 9.25 5.09

Table 6-1: Five patient dimensions of the uterus in both reference (visit 2) and deformed (visit 3) configurations.

The cervix was built by creating a cylinder representing the diameter of the inner canal and

subtracting that volume from a larger cylinder representing the outer cervical diameter and the

reference cervical length. The resultant hollow cylinder was then moved and rotated according to

posterior cervical offset and anterior cervical angle. The cylinder was rounded at its corners to

match the anatomical rounding of the uterocervical junction and to replicate the roundness of the

most exterior end of the cervix (i.e. external 0s). Cervical geometries were kept constant

between both the reference and deformed configuration of the uterus.

Then, the vaginal canal was built by fitting a spline to three vertices located at the outside

edges of the external os and one vertex at the approximate location of the vaginal introitus and

the fetal membrane was generated with uniform thickness based on the contours of the inner

uterine wall.
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6.1.1.4 Finite element mesh generation

All meshes were generated using the automatic and manual meshing tools in Trelis Pro
(v16.1.1, csimsoft LLC). All volumes were meshed with linear tetrahedral elements. Mesh
properties varied from model to model. A representative mesh is described in Table 6-2 and is

shown in Figure 6-5.

Total Uterus Abdomen Cervix
Element Type - Tet Tet Tet
Element Count 76,256 19,682 12,524 44,050
Average Element Volume 143 mm? 9.91 mm?3 855 mm?® 0.673 mm?®

Table 6-2: Mesh properties for a representative model

The uterus and cervix were connected at the node level to one another, so their boundaries
were shared and moved congruently. Each volume was meshed independently using Trellis’s
inherent meshing function, where a mesh refinement factor was chosen in order to optimize for

model accuracy and solving time.

Figure 6-5: Finite element mesh of the uterus, cervix, and abdomen with cavity as the deformed configuration of the uterus. All
volumes are meshed using tetrahedral elements.
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6.1.1.5 Material properties

The cervix and uterus materials were treated as hyperelastic neo-Hookean materials
hyperelastic NH model containing no fibers. It is an isotropic material, similarly stiff in tension
and compression. The free energy density of the uterine and cervical materials ¥V¥ is given by

a standard isotropic, compressible neo-Hookean relation

WNH :%(11_ 3) —,uln]+%(1n])2

Equation 6-1
where I, = trC is the first invariant of the right Cauchy-Green tensor € = (F)TF and ] = detF
is the Jacobian. u and [ are the standard lamé constants. These lamé constants combine to form

(3+3)

the Young’s modulus and Poisson’s ratio of the ground substance E¢S = and

VoS = 2(1;*”) respectively. We used these materials to get better model convergence because the
7

reference configuration of the uterus in this analysis was undergoing such large deformations.
Considering not much is known about the multi-axial material behavior of these tissues
during pregnancy, we investigated using properties of term pregnant (PG) tissue fit to term
uniaxial tension data reported in [110] in the expectation that mid-gestation tissue would be
remodeled more than that of non-pregnant tissue. Cervical material properties used in this study
(Table 6-3) used the same parameters as the uterine material so that the uterus would undergo

more strain than the cervix to solely investigate the kinematics of uterine expansion.
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Tissue Description EGS [kPaq] V@S

Uterus 80 0.3

Cervix 80 0.3

Table 6-3: Uterine and cervical tissue variables taken from material fits to experimental data. These values are implemented in
a Neo-Hookean material model used in FEBio 2.7.0.

The outer abdomen was treated as a neo-Hookean material with a modulus of 2 MPa so that it
didn’t deform and the uterus instead deformed into it.
6.1.1.6 Boundary conditions and loading

Boundary conditions were applied as described in Figure 6-6. The abdomen was fixed in the
X, Y, and z directions along its entire exterior so that the cavity would remain undeformed and the
reference configuration uterus could expand into it. The cervix (purple in Figure 6-6) was tied to
the abdominal cavity (magenta) so that it did not move throughout the analysis. The uterus
(green) was prescribed a frictionless sliding contact along the inner wall of the abdominal cavity

so that it could expand upwards towards the fundus.

Figure 6-6: Finite element boundary and loading conditions. The cervix was tied to the abdominal cavity, and the reference
uterus was allowed to slide freely along the inside of the deformed uterine sized abdominal cavity. Intrauterine pressure was
applied to the inner surface of the uterus until the reference configuration touched all walls of the abdominal cavity.
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Pressure was applied to the inner surface of the uterus to represent the intrauterine pressure
(TUP). Pressure was applied until the reference configuration reached the inner wall of the
abdominal cavity at all points, and therefore was not applied according to gestational pressure
measurements. Depending on each patient, the pressure required to reach the deformed

configuration was anywhere between 1.5 and 6.2 kPa.

6.1.1.7 Finite element analysis

FE analyses were performed in FEBio 2.7.0 (http://www.febio.org.). Stress and stretch data
were plotted as a function of IUP in PostView (PostView 2.2.0), FEBio’s post-processor for
visualization and analysis. These data were then imported into MATLAB (MATLAB R2017a)
for further post analysis. To describe the deformation of the cervix, the extent cervical 1
principal right strain is visualized for each patient, and 1%, 2", and 3" principal are plotted at

their median and 95" percentile values.
6.1.2 Results

Results show that strain in the uterus is not equibiaxial, as shown in Figure 6-7. In this
particular patient (Patient UTAHXO05), the uterus experiences the largest strains at the lower
uterine segment, posterior wall, and fundus. The median 1% principal strain is 78.5%, while the
median 2" and 3" principal strains are 43.2% and -31.1, respectively. The pressure required to

meet the deformed configuration was 6.16 kPa.
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Figure 6-7: Magnitude of strain in the uterus and cervix of a representative patient. The 1% principal strain is plotted
throughout the uterus and cervical tissue (left). The median and 95 percentile magnitude of 1%, 2", and 3™ principal strains are
also shown (right).

Strain varies across patients at the same gestational timepoints (Figure 6-8). In each patient,
strain patterns are largely dominated by boundary conditions. For example, Patient UTAHx03
experiences the greatest amount of strain in the lower uterine segment. Patient UTAHX04 has
much smaller strain in the lower uterine segment, but undergoes large magnitude strain at the top
of the uterus, increasing towards the fundus. Patient UTAHXO01 has almost uniform strain
throughout the uterus, with slightly larger magnitude in the left and right directions. Both
patients UTAHx05 and UTAHX02 have greater strains at the lower uterine segment and posterior
uterus, but patient UTAHXO5 also has more strain at the fundus, while UTAHX02 has large

amounts at the anterior uterus. Median and 95™ percentile strain magnitudes for each patient in
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this study are shown in Figure 6-8.
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Figure 6-8: Magnitude of strain in the uterus and cervix at all 5 patients, in order from largest to smallest magnitude. The 1%
principal strain is visualized throughout the uterus and cervix (top). The median and 95" percentile magnitude of 1%, 2", and 3"
principal strains are shown (bottom).

The range of magnitudes of strain in the patients studied is extremely large. For example,
Patient UTAHx03 has a median 1% principal strain that is 243% of that in Patient UTAHx04.

Median values for each patient are reported in Table 6-4.

Patient Median 1** principal ~ Median 2_nd ~ Median 3_Ird
strain [%] principal strain [%] | principal strain [%0]
UTAHx01 83.9 58.9 -33.0
UTAHXx02 61.2 12.7 -21.9
UTAHXx03 114 17.4 -25.1
UTAHXx04 47.0 27.9 -22.9
UTAHX05 78.5 43.2 -31.1

Table 6-4: Median principal strain magnitudes for each patient.
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6.1.3 Discussion

There is no unifying pattern in uterine tissue strain, or even in patient anatomies. Because we
created an empty abdominal cavity for the uterus to expand into, the strain pattern in each patient
model is largely dominated by boundary conditions. For example, if a patient’s uterus was
measured to be mostly spherical at visit 2 and grew by visit 3 to be an ellipse with a major axis
much larger than its minor axes, the uterus showed large strains at the fundus and lower uterine
segment. On the other hand, if the reference configuration of the patient’s uterus was already
elliptical, there is more strain in the anterior and posterior or left and right sides of the uterine
wall. The lack of a dominant strain pattern in patients emphasizes the need for patient-specific
modeling, diagnosis, and treatment in pregnancy, specifically in the case of preterm birth. Itis
necessary to determine what restricts growth in certain dimensions and drives the shape in each
patient.

The pressures required to reach the deformed configuration of patients UTAHXO01,
UTAHx02, UTAHX03, UTAHx04, and UTAHXO05 are 5.27, 1.51, 4.18, 3.59, and 6.16 kPa,
respectively. The estimated difference in intrauterine pressure (IUP) between the patients’ visits
2 and 3 is only 0.09 kPa[52]. Similarly, the uterine walls in the stretched uterus are thinner than
the measured wall thickness from each patient’s visit 3 ultrasound scans. Therefore, there must
be immense amounts of growth occurring between the two timepoints or interim gestational
material properties must be different than those used in this model. Yet so far in the literature,
the timeline for if and when uterine hypotrophy stops and the myometrial wall thins has seen
much debate[10,12-14]. Future studies should be performed to determine the amount of
increased mass of the uterus throughout gestation in order to properly incorporate growth into

computational models. Similarly, it is necessary to determine where this growth should be
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added. It is widely believed that changes in external stimulus such as the relative level of
physical stress cause a predictable adaptive response in all biological tissue, often in the form of
hypertrophy[56,156,166-168]. Therefore, future iterations of this model may implement tissue
growth at the sites of highest tissue stretch.

We acknowledge that the results in this study are limited solely to qualitative kinematics, as

unrealistic tissue properties and boundary conditions are used here.
6.1.4 Conclusions

We present here a method for investigating the kinematics of the changing uterus throughout
gestation in a low-risk patient cohort. In this study, we calculate the 1%, 2", and 3" principal
strains in the uterus as the tissue stretches from a reference configuration at 16 weeks to a
deformed configuration at 24 weeks, as well as the intrauterine pressure required to do so.

Our simulation result supports the need for the inclusion of uterine tissue hypertrophy in
patient-specific simulations of pregnancy. In future studies, we will also investigate uterine
changes throughout pregnancy in a high-risk cohort and compare the changes to those presented

here.
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6.2 High-risk cohort

Patient-specific data was obtained from a high-risk cohort in Columbia University Irving
Medical Center’s Randomized Trial of Pessary in Singleton Pregnancies With a Short Cervix
(TOPS) clinical trial. The objective of TOPS is to determine whether the Arabin pessary reduces
the risk of preterm birth in women with a singleton pregnancy and a short cervix. The Arabin
pessary (Figure 6-9) is a silicone donut-shaped device fit onto the outside of a woman’s cervix

(Figure 6-10) with the hope that it may mechanically support the cervix to prolong gestation.

Figure 6-9: Silicone Arabin pessary[169]
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Figure 6-10. Arabin pessary inserted into the vagina and around a patient’s cervix in order to mechanically support and keep it
closed[170].

The success of the Arabin pessary at reducing preterm birth rates remains controversial.
Though its mechanism of action is unknown, its proponents have several hypotheses how it
might help to prevent spontaneous preterm birth and possibly preterm premature rupture of
membranes (PPROM). It has been suggested the pessary encompasses the cervix and changes
the uterocervical angle to become more acute, thereby preventing direct pressure on the
membranes at the level of internal cervical os and on the cervix itself, and instead transferring
the weight of the fetus onto the lower uterine segment[100,171,172]. It may also help keep the
cervix closed, and preserve the cervical mucus plug which may keep out infection and therefore
reduce inflammation in the fetal membranes[173]. In the past decade, there have been six major
randomized controlled trials to determine the pessary’s effectiveness with conflicting
conclusions:

1. The 2012 PECEP study with 385 women placed pessaries in singleton pregnant women

with a cervical length < 25mm measured between 18-22 weeks gestation. The primary
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outcome was spontaneous preterm labor before week 34. This rate was significantly
lower in the pessary group (6%) vs. the control group (27%)[103].

In 2013, Hui et al. published a study for pessary placement in singleton pregnancies with
a cervical length < 25mm at 20-24 weeks gestation. The primary outcome of this study
was the same as the PECEP study, but no significant differences were observed in the
rate of preterm birth before 34 weeks (9.4% vs. 5.5%)[136].

Nicolaides et al published a trial in 2016 where 935 patients with cervix < 25mm between
20 weeks 0 days and 24 weeks 6 days were recruited. The primary outcome was the same
as the two previous studies, and there were no significant differences between the pessary
and control groups (12% vs. 10.8%, respectively)[105].

. The ProTWIN study in 2013 placed pessaries in 808 women with a multiple pregnancy
regardless of cervical length at 16-22 weeks gestation. The primary outcome was
deficient perinatal outcome and it did not differ significantly in both groups (13% in the
pessary group vs. 14% in the control group)[99].

. A second PECEP study was conducted in 2016 on 137 asymptomatic women with twin
gestations, regardless of their obstetric history and with cervix <25mm between 18-22
weeks. The rate of spontaneous preterm birth in gestations shorter than 34 weeks was
significantly lower in the pessary group (16.2% vs. 39.4% in the control group)[101].

. A second Nicolaides study was conducted in 2016 on 1180 pregnant women with twin
gestations. There were no significant differences in the rate of preterm delivery before 34
weeks (13.6% vs. 12.9%), perinatal death (3.4% vs. 30.7%), low weight < 25009 (77.2%

vs. 0.1% 69), or adverse neonatal event (15.2% vs. 11.9%)[104].
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With such inconclusive evidence, there is a need for further investigation into the mechanism
and success of the Arabin pessary, which we aim to provide in this study. This study is an
ancillary to the TOPS trial, called ATOPS. The objective of this study is to quantify the
mechanical environment of pregnancies complicated by a short cervix and randomized in the
TOPS study with ultrasound imaging and aspiration. ATOPS has three aims:

1. To determine the biomechanical properties of a prematurely remodeled cervix.

2. To determine the impact of pessary placement on the biomechanical properties of a
prematurely remodeled cervix and establish if the pessary reduces the mechanical load on
the cervix through computer modeling informed by ultrasonographic measurement and
cervical stiffness measurements.

3. To determine if the differences in the cervical biomechanical properties after pessary
placement lead to improved birth outcomes as compared to the progesterone only group.

A similar study was recently done by the PECEP trial investigators, where 33 women with a
short cervix and 24 reference women with normal cervical length were enrolled and
measurements were taken via 2D and 3D ultrasound[174]. The variables evaluated were:
cervical length, uterocervical angles, cervical consistency indices (cervical consistency index and
cervical length consistency index), cervical volume, and vascular indices. All variables were re-
assessed immediately after pessary placement and four to six weeks later in all participants.
Immediately after pessary placement, it was observed that cervical length increased,
uterocervical angles were narrower and cervical consistency increased significantly. When the
magnitude of change in cervical variables was compared over time between the reference group
and the study group, median CL had increased in the study group (1.47 mm) while it had

shortened in the reference group (-2.56 mm).
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We hypothesize that while the pessary will increase cervical length and adjust uterocervical
angle, but increased pressure on the outer cervical tissue may cause inflammation, or even
prostaglandin release leading to premature cervical tissue remodeling[122-124]. We also
hypothesize that the cervical pessary may not be necessary in the case of patients with a short but

stiff cervix, and should only be required in those with both a short and soft cervix.
6.2.1 Methods

6.2.1.1 Patient recruitment

Deidentified B-mode ultrasound images and cervical aspiration pressure measurements were
obtained from 24 female patients 18-45 years old with a singleton pregnancy. All subjects were
recruited from the Columbia University Irving Medical Center’s A Randomized Trial of Pessary
in Singleton Pregnancies With a Short Cervix (TOPS) clinical trial cohort and provided written,
informed consent. This study was therefore called the Ancillary to the TOPS trial (ATOPS). In
order to qualify for ATOPS, patients must be enrolled in the TOPS trial. They must have a
gestational age at randomization between 16 weeks 0 days and 23 weeks 6 days based on clinical
information and evaluation of the earliest ultrasound. Cervical length on transvaginal
examination must be less than or equal to 20mm within 10 days prior to randomization by a
study-certified sonographer. There is no lower cervical length threshold.

Exclusion criteria include the following: cervical dilation of 3 cm or greater on digital
examination, evidence of prolapsed membranes beyond the external cervical os, fetal anomaly or
imminent fetal demise including lethal anomalies, or anomalies that may lead to early delivery or
increased risk of neonatal death e.g., gastroschisis, spina bifida, serious karyotypic abnormalities,

previous spontaneous preterm birth, planned treatment with intramuscular 17-o hydroxy-
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progesterone caproate, placenta previa, active vaginal bleeding greater than spotting at the time
of randomization, symptomatic, untreated vaginal or cervical infection, active, unhealed herpetic
lesion on labia minora, vagina, or cervix, rupture of membranes, more than six contractions per
hour, known major Mullerian anomaly of the uterus (specifically bicornuate, unicornuate, or
uterine septum not resected), any fetal/maternal condition which would require invasive in-utero
assessment or treatment, for example significant red cell antigen sensitization or neonatal
alloimmune thrombocytopenia, major maternal medical illness associated with increased risk for
adverse pregnancy outcome or indicated preterm birth (treated hypertension requiring more than
one agent, treatment for diabetes prior to pregnancy, chronic renal insufficiency defined by
creatinine >1.4 mg/dL, carcinoma of the breast, conditions treated with chronic oral
glucocorticoid therapy, lupus, uncontrolled thyroid disease, and New York Heart
Association(NYHA) stage 11 or greater cardiac disease, planned cerclage or cerclage already in
place, planned indicated delivery prior to 37 weeks, and allergy to silicone.

As participants in the TOPS trial, patients were randomized to receive usual care (vaginal
progesterone), or usual care + an Arabin pessary. In this selected cohort, 15 patients received
progesterone and a pessary and the remaining 9 were treated with progesterone only. Of the 24
patients recruited, 7 delivered preterm, 1 received an emergency cerclage, 1 received dilation and
evacuation, 13 delivered at term, and 2 have not yet delivered. Obstetric and gynecologic
history, age, race, body mass index, smoking history, and outcome of the current pregnancy were

recorded for all patients.

6.2.1.2 Data acquisition
Each subject underwent an ultrasound exam at two different gestational timepoints:

16+0weeks to 23+6weeks and again at a follow-up visit 5-9 weeks later. If the patient was
132



randomized to the pessary treatment group, a scan was taken again immediately post-insertion.
Six B-mode ultrasound images of the uterus and cervix were obtained to measure maternal
anatomical dimensions during each visit — five transabdominally and one transvaginally. The
five transabdominal images included a transabdominal sagittal view of the uterus from the
fundus to the lower uterine segment, a transabdominal axial view of the uterus from the left to
right, and uterine wall thickness at the fundus, anterior, and left/right sides. The transvaginal
image recorded a sagittal view of the cervix and lower uterine segment. All images were taken
by any one of three designated study obstetricians. Transvaginal measurements followed the
CLEAR protocol, and transabdominal measurements followed the protocol described by Saul et
al. In the initial publication of transabdominal cervical length measurement, upon which
subsequent studies and US cervical length screening recommendations have been based[28,164].
Transabdominal images were acquired using the Extended View panoramic imaging feature
on the GE Voluson E8 and E10 ultrasound systems, which automatically registered adjacent
images together as the probe was swept across the abdomen. In the extended sagittal view
transabdominal scan, dimensions measured were uterus longitudinal diameter (UD1), uterus
anterior-posterior diameter (UD23), the perpendicular offset of the cervical internal os from the
uterus longitudinal diameter (PCO) (Figure 6-11:A). In the extended axial view, dimensions
measured were transverse uterine diameter (UD4) (Figure 6-11:C). Uterine wall thickness
measurements were taken from regular field-of-view ultrasound images and included the uterine
wall thickness at the fundus (UT1), uterine wall thickness at the anterior uterine wall (UT2), and
uterine wall thickness at the left or right wall (UT3) (Figure 6-11:B-C,E). From the
transvaginal images, uterine wall thickness at the lower uterine segment (UT4), cervical length

(CL), cervical outer diameter (CD1), cervical canal diameter (CD2), and the anterior
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uterocervical angle (AUCA) were measured (Figure 6-11:F). Because these high-risk patients
often have a cervical funnel, a reference cervical length (CLref) was also taken in order to
determine what may have been the initial length of the cervix. All measurements were made on

deidentified images after each exam using image-processing software Fiji[165].
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Figure 6-11: Maternal anatomy dimensions taken from sagittal transabdominal (A-C), transverse transabdominal (D-E), and
sagittal transvaginal (F) ultrasound.

In addition to ultrasound dimensions, we also measured the mechanical strength of the
uterine cervix with a non-invasive mechanical aspiration device that can be applied during a
speculum exam[146,175,176]. The clinicians measured cervical stiffness by inserting the
aspirator probe into the vaginal canal and placing the end of the probe lightly on the anterior lip

of the cervix at 12 o’clock (Figure 6-12).
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Figure 6-12: Clinical use of the cervical aspiration device. The probe is inserted into the vaginal canal during a speculum exam
and cervical stiffness is measured on the anterior cervical lip.

Once the aspirator has been placed on the cervix, a foot pedal is pressed to apply a negative
vacuum to the tissue. The vacuum pulls the external os tissue a distance of 4mm into the probe
and records the corresponding pressure required to do so. Corresponding closure pressure will
be shown on the aspiration control unit. A small closure pressure correlates with a soft cervix,
while a large closure pressure signifies a stiffer cervical material. Normal aspiration pressure
readings for various timepoints in gestation are shown in Figure 6-13, where patients at ATOPS

randomization should have a pressure of approximately 90 mbar.
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Figure 6-13: Collective results of closure pressure pq of the reference group and during gestation: Closure pressure pci of
nonpregnant (NP, left) and pregnant women during pregnancy (months 2-9) and postpartum (PP, right) are shown as vertical
bars — crosses indicate cervical length (CL), and the values refer to the second vertical axis on the right. For all values, means,
and standard deviations are reported[146].

6.2.1.3 3D CAD models of the lower uterine segment

The maternal geometric parameters of 5 patients in their first clinical visit were converted
into CAD geometries with a custom computer script (Trelis Pro 15.1.3, csimsoft LLC). Of these
5 patients, 3 were treated with a pessary and 2 were not. In the treatment subgroup without a
pessary, one patient delivered preterm and one patient delivered at term. In the pessary arm, two
patients delivered at term and one preterm. Geometries of the uterus, cervix, fetal membranes,
vaginal canal, and abdomen were created with Boolean addition and subtraction of geometric
primitives. In this study, we chose to analyze a quarter model of the maternal anatomy due to
assumed symmetries in the left-right direction, and because we believe the upper half of the

uterus can be simplified as it is farther away from the area of interest, the cervix (Figure 6-14).
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Figure 6-14: 3D representation of the environment of pregnancy. The model includes the uterus (magenta), cervix (yellow), fetal
membranes (green), and a surrounding abdomen with a vaginal canal cutout (cyan).

Dimensions and tissue stiffness for each patient are given in Table 6-5. The uterus was built
by transforming two spherical shells into ellipsoids. The interior uterus was scaled to the
diameters obtained from the ultrasound data. The outer shell was then scaled, translated, and
rotated to accommodate uterine wall thickness in the anterior-posterior, superior-inferior, and

left-right directions.
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Patient P3 P4 P7 P11 P19

Treatment Progesterone | Progesterone | Progesterone | Progesterone | Progesterone

group only + Pessary + Pessary only + Pessary

Gestational

ageat 21+0 10+3 19+2 23+4 2145

randomization

[weeks+days]

Gestational

age at delivery 23+3 39+2 28+0 39+2 38+1

[weeks+days]

Average

aspiration

closure 345 107.5 46.5 160.5 48.7

pressure

[mbar]

UD1 [mm] 141.91 144.68 158.04 225.29 199.26

UD23 [mm] 69.89 79.35 83.06 81.00 72.97

UD4 [mm] 154.22 147.81 155.22 160.36 149.07

UT1 [mm] 8.07 9.25 4.97 9.75 7.02

UT2 [mm] 5.44 9.58 4.66 9.01 7.28

UT3 [mm] 10.78 5.93 7.80 7.12 8.87

UT4 [mm] 9.19 6.01 4.07 5.70 3.71

PCO [mm] 14.99 21.12 8.22 12.58 28.9

AUCA [°] 109.14 72.92 88.35 87.74 89.33

CL [mm] 13.15 16.19 9.19 20.60 19.73

CLref [mm] 39.56 36.10 33.28 42.84 27.16

CD1 [mm] 37.06 18.07 29.21 29.13 33.21

CD2 [mm] 1.68 1.28 0.82 1.09 0.61
Table 6-5:

The cervix was built by creating a cylinder representing the diameter of the inner canal and

subtracting that volume from a larger cylinder representing the outer cervical diameter and the

reference cervical length. The resultant hollow cylinder was then moved and rotated according to

posterior cervical offset and anterior cervical angle. The cylinder was rounded at its corners to

match the anatomical rounding of the uterocervical junction and to replicate the roundness of the

most exterior end of the cervix (i.e. external 0s). Then, the vaginal canal was built by fitting a

spline to three vertices located at the outside edges of the external os and one vertex at the




approximate location of the vaginal introitus and the fetal membrane was generated with uniform
thickness based on the contours of the inner uterine wall. Finally, the model was reduced to a
quarter model by cutting down the sagittal plane at the center of the abdomen and at the axial
plane at the center of the uterine ellipsoid. The inferior left quarter of the model was used for
analysis.
6.2.1.4 Finite element mesh generation

Linear meshes were generated using the automatic and manual meshing tools in Trelis Pro
(v16.1.1, csimsoft LLC). The fetal membranes were meshed with hexahedral elements, while all
other volumes were meshed with tetrahedral elements. Geometries were then imported into
FEBIo (v2.8.5) and the mesh was converted from linear to quadratic. Mesh properties varied
from model to model, and an example of P3 is given in Table 6-6 and is shown in Figure 6-15.
All volumes except the fetal membranes were meshed with linear tetrahedral elements. The fetal
membranes were meshed as a single continuous layer of linear hexahedral elements with a

thickness of 1mm and an interval of 40 hex elements along its edge.

Total Uterus Membrane Abdomen Cervix
Element Type - Tet Hex Tet Tet
Element Count 111,038 37,085 2,400 45,150 26,403
Average Element
- 2.44 mm3 4.56 mm?® 54.7 mm?® 0.982 mm®
Volume

Table 6-6: Mesh properties for P3
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Figure 6-15: Finite element mesh of the uterus (magenta), cervix (yellow), abdomen (cyan), and fetal membranes (green). The
uterus, cervix, and abdomen are meshed with quadratic tetrahedral elements and the membranes are meshed using quadratic
hexahedral elements.

The mesh density of the cervix was set to a very fine setting by the inherent Trelis element
density function, in order to yield the most accurate deformation results for our analysis. Trelis
allows for mesh refinement from a factor of 1 (finest) to a factor of 7 (coarsest). The cervix,
uterus, and abdomen were all meshed using a factor of 3. In order to allow for a quadratic mesh
that allowed for model convergence, the abdomen could not be meshed with a factor larger than
3. This was due to large stresses on the outer cervix at top of the vaginal canal from triangular
element faces along the abdomen curvature.
6.2.1.5 Material properties

The cervix and uterus materials were treated as continuously distributed fiber composites
with a compressible neo-Hookean groundsubstance. This hyperelastic solid model was
developed to describe the tension-compression nonlinearity in human[106] and mouse[107]
cervical tissue. Considering not much is known about the multi-axial material behavior of these

tissues during pregnancy, we chose to investigate the uterus at term pregnant (PG) tissue
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properties. The cervix material is informed with patient-specific material parameters based on
aspiration closure pressure measurements and the normal measured value of 90mbar. Material

parameters are shown in Table 6-7.

Tissue Description ESS [kPa] ves B ¢ [kPa]
Uterus 2 0.3 2.71 19
Cervix — P3 (measured) 2 0.3 3 1.8
Cervix — P3 (90mbar) 2 0.3 3 15
Cervix — P4 (measured) 2 0.3 3 27
Cervix — P4 (90mbar) 2 0.3 3 20
Cervix — P7 (measured) 2 0.3 3 2.8
Cervix — P7 (90mbar) 2 0.3 3 9
Cervix — P11 (measured) 2 0.3 3 72
Cervix — P11 (90mbar) 2 0.3 3 24
Cervix — P19 (measured) 2 0.3 3 5
Cervix — P19 (90mbar) 2 0.3 3 22

Table 6-7: Uterine and cervical tissue variables taken from material fits to experimental data and patient-specific cervical
aspiration values. Cervical fiber stiffness was determined using inverse finite element analysis. These values are implemented in
a continuous fiber distribution material model used in FEBio 2.8.5.

The total Helmholtz free energy density WT°7 for the uterine and cervical materials were

given by

\PTOT (F) — I_IJGS (F) + l_I_JCOL (F)
Equation 6-2

Where F is the deformation gradient. The free energy density of the ground substance W¢3, is

given by a standard isotropic, compressible neo-Hookean relation
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Pas =%(11 -3) —,uln]-f-%(ln])z

Equation 6-3

where I; = trC is the first invariant of the right Cauchy-Green tensor € = (F)TF and ] = det F

is the Jacobian. u and [ are the standard lamé constants. These lamé constants combine to form

3424
the Young’s modulus and Poisson’s ratio of the ground substance E%S = % and
A
65 = 1 __ respectively. The strain energy density for the continuously distributed collagen

Vo= 2(1+4)

fiber network is given by

1 2w ~pi .
peoL — j f H(I, — DW/™e"(1,) sin ¢ dpdo
i )y Jo
Equation 6-4
where the Heaviside step function H ensures fibers hold only tension, [, ¢] are the polar and
azimuthal angles in a spherical coordinate system. I,, = n, - C - n, is the square of the fiber
stretch, where n, = cos 6 sin ¢ e; + sin 6 sin ¢ e, + cos ¢ e3 in a local Cartesian basis

{e1, e5, e3}. WPer s the strain energy density of a collagen fiber bundle given by

per €
fiber _ 2 _ 4
Y 3 I,—-1)

Equation 6-5

where ¢ represents the collagen fiber stiffness with units of stress and 8 > 2 is the dimensionless

parameter that controls the shape of the fiber bundle stiffness curve (here, the fiber strain energy
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density is cast in a different form than the model presented for the human cervical tissue [177],

hence direct comparison can be made by considering the % prefactor here).

To focus this study on the model sensitivity to patient-specific geometries and material
stiffness and not on the cervical or uterine collagen architecture, groundsubstance, or time-
dependent properties, we made simplifying adjustments. Both material model fits were
conducted on the material behavior after the transient force relaxation response died away. In
this present study, we used a randomly distributed collagen fiber network as opposed to a
preferentially-aligned collagen fiber network as presented in [106].

Patient-specific cervix material properties (Table 6-7) were determined using inverse finite
element analysis informed by cervical aspiration and ultrasound data. An infinitely long
cylindrical cervix was created for each patient with measured cervical diameters and aspiration
pressure[178]. Cervical collagen fiber stiffness § was varied until the tissue was displaced 4mm
as it is clinically, while all other material parameters were kept consistent fit to term pregnant
human uniaxial tension-compression data reported in [106,108,109]. Models were created for
both the patient’s measured value and the Sth month of pregnancy assumed normal value of
90mbar.

Uterine material properties represent a material model fit to passive, term pregnant human
uniaxial tension data reported in [110]. Fibers in both the uterus and cervix are randomly
distributed. They rotate and stretch in the direction of principal stress. Previous work compared
the difference between preferential and randomly distributed fiber directionality in an initial

finite element model of pregnancy and found a negligible difference between the two
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scenarios[74]. The outer abdomen was treated as a nearly incompressible neo-Hookean material
with a modulus of 100 kPa.

A continuously distributed transversely isotropic fiber-based material model with a
compressible Neo-Hookean groundsubstance was used for the membrane in this study based on
equibiaxial tensile loading of human amnion[113] was employed for the fetal membrane layer
material properties. We transitioned to this model from the previous implementation of an
Ogden material in order to incorporate membrane bending as detailed in Section 5.2. The
membrane was thickened to 1mm in order to improve model convergence and fit to experimental
data of term delivered amnion using inverse finite element analysis in FEBio (Table 6-8Table
4-4). The membrane material has similar constitutive equations as the uterus and cervix, with a
slight variation in fiber strain energy density as the coefficient of exponential argument « is not
equal to zero,

yrver — % (expla(t, — 1F] - 1)
ap

Equation 6-6

Where & > 0, a = 0,and 8 = 2. Fibers were in a circular distribution with a 2D trapezoidal

scheme.
Tissue Description ECS [kPa] yes a B ¢ [kPa]
Fetal membranes 1.21 0.38 0.28 3.33 2.22

Table 6-8: Fetal membranes (FM) material properties described by a continuously distributed fiber model.

6.2.1.6 Boundary conditions and loading

Boundary conditions were applied as shown in Figure 6-16.
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Figure 6-16: Model boundary, contact, and loading conditions.

The abdomen was fixed along its outer surface in the directions normal to its surface, i.e. fixed x
on the axis of symmetry and the left side, fixed in y on the anterior and posterior surfaces, and
fixed in z on the super and inferior surfaces.

Upon conversion in FEBio from linear to quadratic elements, geometries that were originally
node-tied in Trelis were no longer so in the model. Therefore, a tied elastic condition was
prescribed between the uterus and abdomen and between the uterus and cervix. The cervix was
allowed to slide freely along the abdomen surface to model its interaction with the vaginal wall
in vivo. The fetal membranes were prescribed a sliding elastic contact condition contact along its
outer surface to the inner surface of the uterus to the top surface of the cervix as well as the
cervical canal. It was necessary to tie the membranes top elements to the uterus in order to

achieve model convergence.
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Pressure was applied to the inner surface of the fetal membranes to represent the intrauterine
pressure (IUP). A constant mid-gestational intrauterine pressure of 1 kPa was applied across all
models in order to compare the effect of maternal geometries and material stiffness only. For
comparison of patients with and without a pessary, an additional pressure of 1 kPa was applied to
the outer cervix in patients who received the pessary treatment. We investigated the effect of
pessary placement by applying this pressure at two locations: on the outer cervix near the
internal os and on the outer cervix near the external os. Models with the pessary were compared

to those without to determine if the device may reduce cervical loads.

6.2.1.7 Finite element analysis

FE analyses were performed in FEBio 2.8.5 (http://www.febio.org.). Stress and stretch data
were plotted as a function of IUP in PostView (PostView 2.3.0), FEBio’s post-processor for
visualization and analysis. These data were then imported into MATLAB (MATLAB R2019a)
for further post analysis. To describe the deformation of the cervix, the median and 95™
percentile of right tissue stretch were determined. The right stretch in this context is the
symmetric tensor U in the polar decomposition of the deformation gradient F = RU. Due to
mesh refinement and the use of quadratic elements, each analysis took between 7-10 hours to

fully converge.
6.2.2 Results
6.2.2.1 Maternal anatomy and material stiffness
We compared all dimensions of maternal anatomy in this high-risk ATOPS cohort to the

low-risk UTAH cohort described in Section 6.1. While both supine and standing measurements

were taken in the UTAH cohort, only supine dimensions are compared here as ATOPS patients
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were scanned in the supine orientation. Uterine diameters increased in all directions throughout
gestation for both the low- and high-risk cohorts (Figure 6-17). High-risk patients have similar
longitudinal diameters (UD1) to low-risk patients, but both the anterior-posterior diameter
(UD23) and left-right diameter (UD4) were on average smaller in high-risk patients than those at

low risk.
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Figure 6-17: Uterine diameters throughout gestation comparing low-risk (UTAH) and high-risk (ATOPS) cohorts. Diameters
were measured in the longitudinal direction (UD1), anterior-posterior direction (UD23), and left-right direction (UD4).

We also compared all dimensions of maternal anatomy between patients in the high-risk
cohort who received progesterone only and those who received progesterone+pessary. In almost
all patients, uterine diameter increased in all directions from visit 1 to visit 2 (Figure 6-18). In
patients that received a pessary, most uterine diameters decreased in all directions immediately

after pessary insertion but increased again by visit 2.
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Figure 6-18: Uterine diameters at recruitment and follow-up visits comparing progesterone only and progesterone+pessary
treatment groups in a high-risk (ATOPS) cohort. Diameters were measured in the longitudinal direction (UD1), anterior-

posterior direction (UD23), and left-right direction (UD4). The pessary subgroup was measured both immediately prior to (Visit

1(pre)) and immediately after (Visit 1(post)) pessary insertion, while the progesterone only group was only measured once
during the first visit. Both groups were scanned once at the follow-up visit (Visit 2).

Uterine wall thickness at the fundus (UT1), anterior uterus (UT2), and left/right uterus (UT3)

showed no distinct pattern throughout gestation (Figure 6-19). In each patient, they remained

relatively constant with some variability. There was no major difference in these wall

thicknesses between high- and low-risk patient cohorts. Wall thickness of the lower uterine

segment (UT4), however, decreased throughout gestation. Patients in the high-risk (ATOPS)

cohort had thinner lower uterine segment walls than those in the low-risk (UTAH) cohort.
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Figure 6-19: Uterine wall thicknesses throughout gestation comparing low-risk (UTAH) and high-risk (ATOPS) cohorts. Wall
thickness was measured at the fundus (UT1), anterior wall near the umbilical level (UT2), and left or right wall at the umbilical
level (UT3), and at the anterior lower uterine segment (UT4).

In the high-risk cohort, there was no noticeable trend between the progesterone only and
progesterone+pessary treatment groups (Figure 6-20). In patients that received a pessary, there
was both measured increases and decreases in uterine wall thickness immediately after pessary

placement at all locations on the uterus.
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Figure 6-20: Uterine wall thicknesses at recruitment and follow-up visits comparing progesterone only and
progesterone+pessary treatment groups in a high-risk (ATOPS) cohort. Wall thickness was measured at the fundus (UT1),
anterior wall near the umbilical level (UT2), and left or right wall at the umbilical level (UT3), and at the anterior lower uterine
segment (UT4). The pessary subgroup was measured both prior to (Visit 1(pre)) and immediately after (Visit 1(post)) pessary
insertion, while the progesterone only group was only measured once during the first visit. Both groups were scanned once at
the follow-up visit (Visit 2).

As a short cervical length (CL) was a recruitment criterion for the ATOPS study and
exclusion criteria for the UTAH study, it is obvious that cervical length is shorter in the high-risk
cohort than in the low-risk cohort (Figure 6-21). In the low-risk patients, cervical length
increases in the first and second trimesters and decreases in the third. In high-risk patients, we
measured a decrease in cervical length in most patients as the pregnancy progressed. Cervical
outer diameter (CD1) experienced an overall positive trend in low-risk (UTAH) patients and a
negative trend in high-risk (ATOPS) patients. Overall, cervical volume is lower in the high-risk
(ATOPS) patients than in the low-risk (UTAH) patients. In most high-risk patients, cervical

volume decreases throughout gestation.
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Figure 6-21: Cervical length (CL) and outer cervical diameter (CD1) throughout gestation comparing low-risk (UTAH) and

high-risk (ATOPS) cohorts.

Amongst the high-risk (ATOPS) cohort, the data seems to imply that cervical length (CL)

increases slightly immediately after pessary placement, but decreases by visit 2 (Figure 6-22).

Some patients in the progesterone only group also saw a decrease in cervical length, though this

decrease was not as large as in the pessary group. In the progesterone+pessary subgroup,

cervical outer diameter (CD1) decreases slightly immediately after pessary placement but then

increases by visit 2. In the progesterone only group, cervical diameter did not change as much.

In both the pessary and non-pessary groups, it seems that cervical volume decreases throughout

gestation.
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Figure 6-22: Cervical length (CL) and outer cervical diameter (CD1) at recruitment and follow-up visits comparing
progesterone only and progesterone+pessary treatment groups in a high-risk (ATOPS) cohort. The pessary subgroup was
measured both prior to (Visit 1(pre)) and immediately after (Visit 1(post)) pessary insertion, while the progesterone only group
was only measured once during the first visit. Both groups were scanned once at the follow-up visit (Visit 2).

Anterior uterocervical angle (AUCA) and posterior cervical offset (PCO) did not have a
noticeable overall trend in either the low- (UTAH) or high-risk (ATOPS) patient cohorts (Figure
6-23). In some low-risk patients, the posterior cervical offset increases in the first trimester, but
then decreases after the 16" week of pregnancy. However, this trend is not evident in the

overwhelming majority of patients.
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Figure 6-23: Anterior uterocervical angle (AUCA) and posterior cervical offset (PCO) throughout gestation comparing low-risk
(UTAH) and high-risk (ATOPS) cohorts.

In the high-risk (ATOPS) cohort, the pessary slightly increased anterior uterocervical angle
(AUCA) immediately after pessary placement, but there was a sharp decrease at visit 2 in most
patients. In most patients, the pessary moved the cervix more posteriorly immediately after
insertion as shown by an increase in posterior cervical offset (PCO). These PCOs also decreased

by visit 2.
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Figure 6-24: Anterior uterocervical angle (AUCA) and posterior cervical offset (PCO) at recruitment and follow-up visits
comparing progesterone only and progesterone+pessary treatment groups in a high-risk (ATOPS) cohort. The pessary subgroup
was measured both immediately prior to (Visit 1(pre)) and immediately after (Visit 1(post)) pessary insertion, while the
progesterone only group was only measured once during the first visit. Both groups were scanned once at the follow-up visit
(Visit 2).

We also measured patient-specific cervical stiffness by aspiration measurement in the high-
risk (ATOPS) cohort (Figure 6-25). Patients in the progesterone+pessary treatment group were
given aspiration measurements prior to pessary placement in visit 2. Results show that in the
progesterone only subgroup, all patients experienced a reduction in cervical stiffness between
visits 1 and 2. While this occurred in some progesterone+pessary placements, many patients in
this subgroup actually saw an increase in cervical aspiration pressure measurements as their
pregnancy progressed. Interestingly, when controlling for pessary insertion, cervical stiffness
increased with gestation, as seen by the upward sloping blue trendline. This trend was fit to Visit

1 aspiration measurements only in order to rule out the influence of pessary intervention.
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Figure 6-25: Aspiration close pressure pq at recruitment and follow-up visits comparing progesterone only and
progesterone-+pessary treatment groups in a high-risk (ATOPS) cohort. Both subgroups were given aspiration once per visit.
The pessary group was measured before pessary insertion. The blue line is a trendline fit to the patients’ first visit data only in
order to rule out the influence of pessary intervention.

Results in Figure 6-26 show aspiration closure pressure as a function of time to delivery.
Time to delivery is the number of weeks between the aspiration pressure measurement and when
the patient delivered. An overall positive trend is seen between aspiration pressure and time to
delivery, as seen by the upward sloping blue trendline. This trend was fit to Visit 1 aspiration
measurements only in order to rule out the influence of pessary intervention. This indicates a

softer cervix leads to an increased likelihood of a patient going into labor.
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Figure 6-26: Aspiration closure pressure pcl vs. time to delivery comparing progesterone only and progesterone+pessary
treatment groups in a high-risk (ATOPS) cohort. Both subgroups were given aspiration once per visit. The pessary group was
measured before pessary insertion. The blue line is a trendline fit to the patients’ first visit data only in order to rule out the
influence of pessary intervention.

6.2.2.2 Finite element analysis

A stiffer cervix, by increase of cervical collagen fiber stiffness &, undergoes less deformation
than a softer cervix. In P3, for example, the measured cervical aspiration is 34.5mbar, which is
softer than the “normal” aspiration pressure of 90mbar[146]. The resultant cervical fiber
stiffness for the measured value, é= 1.8 kPa, is therefore lower than the normal fiber stiffness of
&= 15 kPa. The mean, median, and 95" percentile 1%, 2", and 3" principal right stretch in the
cervix at its measured stiffness are all higher than those at an assumed normal, higher stiffness

(Figure 6-27).
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Figure 6-27: 1%, 2", and 3" principal right stretch in P3 model at measured (left) and assumed normal (right) cervical fiber
stiffness.

The mean, median, and 95" percentile 1%t principal right stretch in the P3 cervix at measured

stiffness are 1.16, 1.11, and 1.43, respectively. In the same patient with assumed normal cervical
157



collagen fiber stiffness, the mean, median, and 95™ percentile right stretch in the cervix are 1.10,
1.10, and 1.25, respectively. Additionally, stretch in the cervix is not equibiaxial. 1%, 2", and 3™

principal right stretch directions for P3 with a measured cervical stiffness are shown in Figure

6-28.
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Figure 6-28: Baseline results with vector plots to show stretch directions for 1% 2", and 3" principal stretch in the uterus and

cervix. For 1st principal right stretch, circumferential stretch is exhibited at the internal os while radial stretch is observed at
the anterior and posterior sections of the uterocervical interface.

Effective stress shows a similar pattern to the tissue stretch, with concentrations at the
internal os and at the top of the cervix (Figure 6-29). The maximum Von Mises stress in the

cervix for P3 is 8.7 kPa.
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Figure 6-29: Effective stress in the uterus and cervix for P3.
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Loading patterns of 1% principal right stretch in each patient modeled with both a soft and
stiff cervix are shown in Figure 6-30, as well as comparisons between 1%, 2", and 3" principal
stretch magnitudes for each. These results show that although cervical stiffness influences
cervical stretch, patient anatomies also have a direct influence. When all patients are compared
with a cervix of assumed normal stiffness, stretch is still greatest in the patients that delivered

preterm (P3 and P7).
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Figure 6-30: 1% principal right stretch visualization of each patient with a measured (left) and assumed normal (right) cervical
fiber stiffness. Bar graph of median and 95™ percentile of 1%, 2", and 3™ principal stretch in each patient.



The stretch in the cervix is larger than the stretch in the uterus in all patients. Each patient has
large compression at the top of the cervix at the uterocervical interface, causing extreme thinning
of the lower uterine segment which eventually begins to open at the internal os as evident in
Figure 6-30. Cervical fiber stiffness & and resultant 1% principal cervical stretches for each

patient at a measured and assumed normal cervical stiffness are shown in Table 6-9.

. 95t
Aspiration I_nput_ Mean right Mgdlan percentile
Patient closure pressure cerylcal fiber cervical rlg_ht right
stiffness & cervical :

pci [mbar] [kPa] stretch stretch cervical

stretch
P3 Measured — 34.5 1.8 1.16 1.11 1.43
P3 Normal - 90 15 1.10 1.10 1.25
P4 Measured — 107.5 27 1.07 1.07 1.18
P4 Normal - 90 20 1.07 1.08 1.19
P7 Measured — 46.5 2.8 1.15 1.11 1.39
P7 Normal - 90 9 1.12 1.11 1.28
P11 Measured — 160.5 72 1.05 1.04 1.15
P11 Normal - 90 24 1.07 1.05 1.21
P19 Measured — 48.7 5 1.15 1.12 1.40
P19 Normal — 90 22 1.11 1.09 1.28

Table 6-9: 1%t principal right cervical stretch results for each patient at their measured value and the assumed normal value for
their gestation.

In all patients, the softer cervix has a magnitude of 1 principal right stretch in the softer
cervix that is greater than or equal to that in the stiffer cervix. The differences in stretch also
correlate to differences in gestational outcome in 4 of the 5 patients. In Table 6-10, we show the
patients’ measured value for 95 percentile 1%t principal stretch and their gestational outcome.
While P19 is the only patient that delivers at term with a soft cervix, Figure 6-30 shows this

patient does not have large stretch at the internal os.
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Patient 95t _percentil_e 1t principal Gestational outcome
right cervical stretch [weeks+days]

P3 1.43 23+3

P4 1.18 39+2

P7 1.39 28+0

P11 1.15 39+2

P19 1.40 38+1

Table 6-10: 95! percentile magnitude of 1% principal cervical stretch correlates to gestational outcome.

While results demonstrated the initiation of cervical funneling at the internal os, all patients
have a similar shape funnel which is not evident in the clinic. Cervical funnels can take on
various shapes and sizes. The sonographic funnel of each patient is shown in comparison to
simulation results in Figure 6-31. Funnel shape is reasonably matched in simulations of P7, P11,
and P19, but P4 and especially P3 are distinctly different shapes than corresponding finite

element results.
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Figure 6-31: Cervical funnel in finite element analysis (left) vs. ultrasound images (right).
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Location of pessary insertion impacts cervical stretch differently. When the pessary is
inserted lower near a patient’s external os, overall stretch in the cervix increased, as there is a
magnitude in both mean and median 1% principal stretch. However, when the pessary is inserted
higher closer to the internal os, overall stretch in the cervix decreases or remains the same,
except for in P19 where it still increases. From the visualizations of stretch in Figure 6-32, it is
clear that while there is added stretch in the cervix at the location of pessary placement in both

scenarios, there is a reduction of stretch at the internal os when the pessary inserted high along

the cervix.

No Pessary Low Pessary High Pessary

Mean: 1.07 Mean: 1.08 Mean: 1.07
Median: 1.07 Median: 1.08 Median: 1.07
95%: 1.18 95%: 1.17 95%: 1.17

Mean: 1.15 Mean: 1.18 Mean: 1.15

~ IEISSUE STRETCHI

Median: 1.11 Median: 1.17 Median: 1.13
95%: 1.39 95%: 1.38 95%: 1.37

Mean: 1.15 Mean: 1.17 Mean: 1.16
Median: 1.12 Median: 1.16 Median: 1.14
95%: 1.40 95%: 1.41 95%: 1.41

Figure 6-32: Visualization of 1% principal right stretch in two patients with no pessary, a low pessary inserted near the external
o0s, and a high pessary inserted closer to the internal os.
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The 95" percentile stretch decreased slightly after lower pessary insertion in patients P4 and P7,
and increased slightly in P19. When the pessary is placed higher on the cervix, there is a

noticeably larger decrease in 95" percentile cervical stretch in each patient, again with P19 as an
anomoly. 1% principal stretch magnitudes in each pessary patient with no pessary, a low pessary

near the external os, and a high pessary near the internal os are shown in Table 6-11.

. L 95% percentile
. Mean right Median right ; .
Patient Pessary or No cervical stretch | cervical stretch right cervical
stretch
P4 No Pessary 1.07 1.07 1.18
P4 Low Pessary 1.08 1.08 1.17
P4 High Pessary 1.07 1.07 1.17
P7 No Pessary 1.15 1.11 1.39
P7 Low Pessary 1.18 1.17 1.38
P7 High Pessary 1.15 1.13 1.37
P19 No Pessary 1.15 1.12 1.40
P19 Low Pessary 1.17 1.16 141
P19 High Pessary 1.16 1.14 1.41

Table 6-11: 1%t principal right cervical stretch values for patients with and without the insertion of a pessary.

The difference in cervical stretch before and after cervical placement was larger in the patients

with a softer cervix.
6.2.3 Discussion

This study highlights important differences between the anatomies and material properties in
high- and low-risk pregnancy cohorts. We compared various maternal anatomy dimensions
between the patients of each cohort. Results showed that patients in the high-risk cohort had
smaller anterior-posterior and left-right diameters than those in the low-risk cohort. These high-
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risk patients also had thinner lower uterine segments than those at low risk. This supports the
belief that uterine overdistention and higher stretch in the uterus can lead to preterm
labor[65,179]. However, in singleton pregnancies, the overstretching of the uterus may not be
due to increased intrauterine volume. Instead, it seems that the uterus in high-risk patients lacks
the ability to grow normally, and therefore the uterine cavity volume remains smaller and the
tissue thins out earlier than it would in a normal pregnancy.

Measurements from this study of patients before and after pessary placement also showed
that the insertion of a pessary may increase wall thickness and decrease uterine cavity volume
initially. These results may be misleading because the introduction of an external force in most
cases can cause the uterus to contract and only seem smaller temporarily. In these patients, the
uterus grows similarly to the progesterone-only group by visit 2.

Due to each study’s inclusion and exclusion criteria, it is to be expected that the patients in
the high-risk cohort have shorter cervical lengths than those in the low-risk cohort. We see a
trend in the high-risk cohort of decreasing cervical length throughout gestation, which is not
prominent in the low-risk patients. Instead, in the low-risk patients, cervical length increases in
the first and second trimesters and decreases only slightly in the third. An interesting finding is
that cervical outer diameter increased throughout gestation in most low-risk patients, whereas it
decreased in the majority of high-risk patients. This may be due to the thinning of the cervical
walls and lower uterine segment as seen in our finite element analysis. As the cervix is loaded,
the top of the tissue undergoes large amounts of compression and eventually becomes so thin
that the cervix begins to funnel. Furthermore, we postulate that patients with a short cervix may
experience funneling simply due to having less volume than those with a long cervix. A patient

with less cervical volume will have less tissue to distribute the fetal load, and the cervix will both
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shorten and thin as the amniotic sac continues to grow. To confirm this hypothesis, we also
compared cervical volume between low- and high-risk patient cohorts. The high-risk cohort
does have smaller cervical volumes than the low-risk, which confirms this theory. However, the
difference between patient cohorts is not as apparent; patients with a short cervix may also have
a wide cervix, and vice versa.

Amongst the high-risk patient cohort, most patients see a decrease in cervical length between
visits 1 and 2. Cervical length increases slightly immediately after pessary placement but then
decreases at a much faster rate than the progesterone only group by visit 2. These data show the
pessary may actually increase the likelihood of preterm birth by shortening the cervix in some
way. However, this result differs from that found by Goya et al. which showed that 4-6 weeks
after insertion, cervical length in a pessary group increased by 1.47mm while that in the control
group decreased by 2.56 mm[174]. They did, however, find the same result as our study in that
cervical length increased slightly immediately after pessary insertion. In the
progesterone+pessary subgroup, the cervical outer diameter decreases slightly after pessary
placement but then increases by visit 2. Goya et al. found consistent results. This may be due to
inflammation in the cervix from increased pressure along the outside. Many clinicians explain
they see the cervix swell into the pessary as the pregnancy progresses. In some extreme cases,
the pessary has been so tight that it cuts off circulation to the cervix and has led to amputation at
pessary removal. For this reason, they recommend placing the largest pessary possible that fits
comfortably inside the patient’s vagina. This is very subjective, as the pessary is not actually
measured for insertion for each patient. In the progesterone only group, the cervix did not see a
substantial change in diameter. These results show that while the pessary may initially move the

location of tissues and provide temporary relief to reduce cervical stretch, the uterus and cervix
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will eventually go back to its intended configuration. This may be because these patients lack
pelvic geometry boundaries which can keep the pessary in a fixed position, which causes it to
float on the cervix wherever it moves. Therefore, the pessary most likely does not provide a
long-term solution to prevent preterm birth in these patients.

There was no distinct trend in changes in anterior uterocervical angle or in posterior cervical
offset in either patient cohort, consistent with the Goya et al study. In some low-risk patients, the
posterior cervical offset increases in the first trimester, but then decreases after the 16" week of
pregnancy. This is likely due to the initial growth of the uterus in a spherical shape, and the
transition during the second trimester to elongation instead of continuing to grow outward in the
anterior-posterior direction. As the uterus grows into a globular shape, the cervix moves
posteriorly along the curvature of the widening lower uterine segment. At around 20 weeks, the
uterus stops growing posteriorly and therefore the cervix does not continue to move in that
direction.

In the high-risk cohort, the pessary slightly increased anterior uterocervical angle
immediately after pessary placement. Yet, anterior uterocervical angle sharply decreased in
these patients by visit 2. This means that while the pessary may angle the cervix more
posteriorly initially, it may actually move the cervix more anteriorly as it settles into place over
the next few weeks. This contradicts the claim by the Arabin pessary that the device may move
the fetal load onto the anterior lower uterine segment, as the cervix does not remain angled to the
posterior direction. In the majority of pessary patients, the device moved the cervix more
posteriorly along the uterus immediately after insertion as shown by an increase in posterior

cervical offset. However, this dimension also decreased by visit 2.
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This study is one of the first to quantitatively measure patient-specific cervical stiffness in a
high-risk patient cohort. Our results indicate that the cervical aspiration closure pressure pe
corresponds to both gestational age and birthing outcome. Surprisingly, based on patients’ first
aspiration measurements only, cervical stiffness increased with gestational age. This is likely an
artifact of our recruitment protocol in which patients with a short cervix are recruited anywhere
between 18-24 weeks. Take for example a patient with a very soft cervix — their soft cervix will
most likely shorten sooner, and they will be recruited earlier near 18 weeks. A second patient
with a stiffer cervix will not shorten until a few weeks later, and therefore they will be recruited
closer to 24 weeks. This means that softer cervices are measured sooner and the stiffer cervices
a bit later. This would give the impression of cervical stiffness increasing throughout gestation,
but this is not likely based on previous studies. Then, as gestational age increased in the
progesterone-only cohort, cervical stiffness decreased. In contrast, the cervical stiffness of many
pessary patients increased with gestational outcome. This increase in stiffness may be due to
inflammation of the tissue, but is most likely due to the compression of a nonlinear material.
Because the cervix is nonlinear, it becomes more difficult to compress the tissue as it is
squeezed. By the pessary applying initial deformation by squeezing on the cervix, it is more
difficult to pull the cervical tissue into the aspiration. In the future, we will measure cervical
stiffness immediately after pessary placement in an attempt to confirm this idea. It contradicts
our hypothesis that increased cervical pressure may lead to tissue remodeling and therefore
actually soften the cervix. Yet, it is contradictory that cervical stiffness increases, as we saw that
the pessary also decreases cervical length in patients at their follow-up visit, and one would think
a stiffer cervix will not shorten as easily. Overall in the high-risk patients, a softer cervix

correlated with a sooner time to delivery. This finding emphasizes the importance of measuring
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in-vivo cervical stiffness in patients that may deliver preterm and potentially finding a solution
that can mechanically stiffen the tissue substrate.

The finite element analyses in this study compared five patients at their first visit with
gestational intrauterine pressure applied to the inner fetal membranes surface. Three of these
patients received a pessary in the ATOPS study and two did not. In the pessary arm, one patient
delivered preterm and the other two at term. In the progesterone-only group, one patient
delivered preterm and the other at term. Evidence from ex vivo cervical fibroblast studies
suggests that cervical tissue stretch controls cervical material modeling processes[122-124].
Hence, it is postulated that excessive cervical tissue stretch triggers premature cervical
remodeling, and therefore we use cervical stretch as the study outcome parameter. In addition,
Von Mises stress in the cervix may line up with damage or failure of tissues and is important to
consider.

Results showed that patients whodelivered preterm experience greater cervical stretch than
those who did not, particularly at the internal os. This is largely due to the softer material
properties of the cervical tissue in these patients. When comparing patients with their measured
cervical stiffness and the assumed normal pregnancy aspiration closure pressure of 90mbar, we
see that the softer cervix in each scenario experiences greater cervical stretch. However, when
controlling for differences in cervical stiffness and setting each patient model cervical stiffness to
the assumed normal value, the patients that delivered preterm still experience high cervical
stretches than those who did not, except in the case of one patient (P19). Although P19 did have
similar overall stretch to the two other preterm patients (P3 and P11), P19 had noticeably less
cervical stretch at the internal os. This is especially significant as we used reference cervical

length in this study, and therefore it was not due to the clinical predictor of a short cervix. This
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information emphasizes the importance of further studies to determine which biomechanical
parameters are most important in predicting preterm birth in addition to cervical length and
stiffness. This also portrays the potential utilization of patient-specific computational models to
be developed as clinical prediction tools.

While insertion of a pessary in our models showed an increase in both mean and median
stretch, it did show a small decrease in 95" percentile 1% principal stretch in the cervix. This
may be important as we showed in Table 6-10 that the largest cervical stretch magnitudes can
correlate to gestational outcome. However, the pessary only reduces this value slightly, which
may not make a direct impact on most patients. We saw a large reduction in stretch specifically
at the internal os when the pessary was inserted near the internal os, whereas that reduction was
much more limited when the pessary was inserted lower near the external os. We therefore
believe that if a patient’s anatomy allows insertion of a pessary high onto the cervix as close to
the reference internal os as possible, this patient may be a better candidate for a cervical pessary
and will see a reduction stretch at the internal os to close the cervical funnel. Furthermore, even
with a higher pessary, we saw reduced internal os stretch by a greater amount in the patient with
a soft cervix, but it did not have a significant impact on the patient with a stiff cervix. Therefore,
we conclude that a pessary is not useful in patients with stiff cervices, as they are likely to make
it near full term already without additional interventions.

The increase the pessary creates in both the mean and median value of stretch in the cervix
could lead to inflammation and mechanosensitive remodeling of collagen in the cervix, thereby
softening the cervix and increasing the likelihood of preterm delivery. This contradicts our
findings from cervical aspiration measurements, where the majority of pessary patients saw an

increase in cervical stiffness between visits 1 and 2, whereas patients in the progesterone only
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cohort all saw a decrease in cervical stiffness (Figure 6-25). This provides the need for more
investigation into the effect of cervical contact pressures on tissue material properties, and how

that change in properties may help or hinder birthing outcomes.

6.2.3.1 Limitations

We acknowledge that there are various limitations in this study, most importantly the error in
ultrasound dimension measurement. In ultrasound, the combined absolute distance measurement
error due to pixel size and operator cursor placement errors was found to be 1.5 pixel widths,
which can be as large as 0.5mm in our images[180]. We also realize the uterus and cervix are
dynamic environments, and due to contractions and fetal movements, measurements can change
very quickly. Final publications will have error quantification of measurements by dimensional
calipers being placed by multiple trained sonographers.

Another limitation is the patient sample size. Due to clinical trial randomization, we had
more pessary patients in this study than those without a pessary. Additionally, only three of the
patients in the already small subset of progesterone-only patients made it to their second visit.
For this reason, our conclusions comparing the pessary to no pessary group are limited. Future
peer-reviewed publication of this work will calculate statistical p-values to confirm or disprove
our hypothesis and observations. Due to geometric incompatibilities between patient anatomies
and our parametric model, it was not possible to create a finite element analysis of many of these
patients. We will make model improvements that more accurately capture the anatomy of a wide
variety of patients in order to combat this issue in the future.

In using the aspiration device to measure cervical stiffness, we are measuring closure
pressure on each patient’s cervix at the external os. We do not have means to measure material

properties at the internal os, and therefore we assume that the parameters are consistent
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throughout the cervix. Still, external os cervical stiffness seems to have a direct correlation to
gestational outcomes.

We were able to achieve the initiation of cervical funneling in finite element analysis of each
patient by only applying a gestational intrauterine pressure due to implementation of a fetal
membrane material that more accurately models the amnion’s ability to bend in vivo. However,
the resultant funnel shapes for some patients do not match those seen on ultrasound. We
attempted to increase intrauterine pressure instead to 2kPa, but it did not change funnel shape.
There are various methods we believe can capture funnel shape in our finite element analyses in
the future. First, we may need to reassess the material model used for the cervix in our analyses.
The orientation of collagen fibers in the patient’s cervix may be preventing it from opening,
whereas high-risk patients may have weakening of these fibers to produce cervical funneling.
Because we do not have preferential fiber alignment in our models, we are not able to capture
this phenomenon. Similarly, we see large stretches at the uterocervical interface due to a jump in
material properties. It would be ideal to implement a gradient of material properties from the
uterus to the cervix in future simulations, and to investigate different fiber architecture.
Additionally, we could add the presence of an external force such as a contraction or baby kick
directly at the internal os to force the membrane into the cervical canal. Likely the most
influential trait of our models determining the shape of cervical funneling is the boundary
condition of the cervical canal. Currently, the cervix is required to compress into the stiffer wall
of the vagina, though the vaginal wall is actually quite flexible in vivo. This causes our current
models to deform in the shape of the curvature of the boundary conditions instead of changing
shape. Future investigations need to be performed by varying vaginal boundary conditions and

determining which is most realistic.
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6.2.4 Conclusions

We present here a direct comparison between the anatomical dimensions of pregnant patients
in low- and high-risk studies. We also compare patients in the high-risk cohort who receive the
clinical intervention of a pessary and those who do not. Using finite element analysis, we
calculate the 1st principal right stretch under gestational IUP levels. We then vary cervical
stiffness, pessary placement location, and patient geometries to analyze the sensitivity of each
parameter on cervical stretch. Our simulation result supports the need for clinical measurement
of cervical stiffness, and the added necessity to measure maternal anatomy parameters in
addition to cervical length. It also demonstrates that an Arabin pessary may only be useful in
patients with a soft cervix. Results from this study stress the need for pessary placement to be as
high on the external cervix as possible, as the device does little in the case of low insertion. In
future studies, we will measure maternal dimensions and cervical stiffness of an additional low-
risk cohort in order to compare results further. Our goal is that our model will serve as a

preliminary platform for the development of preterm birth diagnostic tools and procedures.
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7 Conclusions and future work

Preterm birth is a devastating clinical dilemma that affects 10% of babies worldwide. It is
the leading cause of death in children under the age of 5 and often leads to lifelong disabilities in
those that survive. Yet, the pathways and mechanisms causing preterm birth are still poorly
understood. The goal of this dissertation work was to use finite element analyses to investigate
the effect of various material and structural components of the womb on tissue mechanics and
gestational outcomes.

A full three-dimensional finite element model of a pregnant patient consisting of the uterus,
cervix, fetal membranes, and surrounding abdomen was created and used as a tool to investigate
the parameters that influence tissue stretch and stress in primarily the cervix but also its
surrounding tissues. Parametric sensitivity studies were conducted and showed that:

Cervical length affects the structural response of the cervix only when the cervical tissue

is soft.

- Posterior cervical offset of the cervix affects the load on the internal os, and anterior
uterocervical angle does not.

- Increased ellipticity of the uterus results in increased stretch at the internal os.

- Preferentially aligned uterine collagen fiber orientation, with a degree of fiber dispersion,
does not greatly influence the stretch or stress in the cervix.

- Fetal membrane adhesion affects the stretch distribution and magnitude in the uterus and
cervix.

- Boundary conditions, specifically those of the abdominal wall, spine, and vaginal canal,

can greatly change the shape of cervical and uterine deformation.
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In addition to these sensitivity studies, patient-specific geometries and finite element model
results were compared between patients in both low- and high-risk clinical studies. Findings
showed that the anatomies and growth of the uterus and cervix between patients are very diverse.
Patients that have a short cervix often also have a thinner lower uterine segment and a smaller
cervical diameter. These properties likely further increase the amount of stretch experienced by
the cervix at the internal os.

We also emphasize the need for ways to quantitatively measure cervical stiffness of high-risk
patients in vivo. Cervical aspiration pressure measurements showed that patients with a softer
cervix have a shorter time to delivery, and our finite element analyses show greater stretch in
patients with a soft cervix. Yet when controlled for cervical stiffness, our finite element analyses
show that there are still strong influences of cervical and uterine geometries on cervical stretch.

Lastly, we investigated the effect of the Arabin pessary on the geometry, stiffness, and
stretch of the cervix. We conclude that the pessary does decrease maximum cervical stretches in
most patients, especially those with a soft cervix. However, we stress that inserting the pessary
as high onto the cervix as possible is critical, as low pessary placement does little to decrease
stretch at the internal os, and actually increases stretch at the external os which may lead to
premature tissue remodeling. The pessary may not be as effective in patients with a stiff cervix

because its effect is negligible in these patients.
7.1 Recommendations for future work

More sensitivity studies are required to determine what may lead to different cervical funnel
shapes in patients with a short cervix. We recommend that further investigations be conducted

on the realistic in vivo fetal membrane properties, especially the adhesion of the membranes to
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the uterine decidua, as we saw this had a large impact on the magnitude and pattern of cervical
stretch. There are many questions about cervical funneling and membrane adhesion that need to
be answered. For example, does the cervix open first, causing increased fetal load on the lower
membrane, resulting in a weakened membrane funneling into the cervix, or does membrane
detachment occur first increasing cervical load and resulting in cervical funneling. Similarly,
does a short cervix allow the introduction of bacteria into the uterus causing the membranes to
lose adhesion and preterm birth to occur, or does the placenta become infected and cause the
uterus to contract, membranes to detach, and the cervix to shorten. As preterm birth is
multifactorial, it is important to distinguish the order of these phenomena in future clinical
studies to determine effective treatments.

The finite element model presented here will benefit from further validation of how
accurately it captures tissue geometries and mechanics. Future iterations of this model should
consider taking additional measurements of the uterine diameters from ultrasound, as the uterus
is in fact kidney bean-shaped and cannot always be easily approximated as an ellipsoid. Taking
additional measurements of the posterior radius of the uterus should improve model accuracies
immensely. Furthermore, future studies should implement the effect of gravity into the finite
element analyses, as we have already collected data of patients in both supine and standing
orientations. The change in geometries between supine and standing scans could be used as
another method of validation.

We also recommend that as more data is collected from both high- and low-risk cohorts of
pregnant patients, more thorough statistical analysis should be performed to determine the

impact of all geometric parameters on gestational outcomes.
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